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NOMENCLATURE AND ABBREVIATIONS

NOMENCLATURE AND ABBREVIATIONS

Fpp Patellofemoral compression force (N)

Fs Tibiofemoral compression force (N)

F, Quadriceps tendon force (N)

F, Friction force (N)

Fy Normal force (N)

Fy Hamstring muscle force (N)

Fer Measured ground reaction force (N)

Fortension Extension torque (Nm)

Friexion Flexion torque (Nm)

BW Body weight force (N)

Dy, Moment arm of hamstrings muscle (mm)

Dy, Moment arm of patellar tendon (mm)

D, Moment arm for external force (mm)

M, Moment arm of the quadriceps force about the patellofemoral
contact point (cm)

M Moment arm of the patellar tendon force about the
patellofemoral contact point (cm)

M,fs Actual moment arm of patellar tendon about the tibiofemoral
contact point (cm)

d Moment arm of the net knee moment in case of standard squat
(m)

Less Effective moment arm of quadriceps tendon (mm)

My Net knee moment (m)

g(a) Approximate function of F,./F,ratio (-)

k(a) Approximate function of F,/F, ratio (-)

Ci_p—3-4 Constants for approximate functions (-)

Lo Length of the tibia (cm)

l30 Length of the femur (cm)

I Intersected length of the axis of tibia and the instantaneous line
of action of the BW (cm)

l5 Intersected length of the axis of femur and the instantaneous line

of action of the BW (cm)
Length of the patellar tendon (cm)
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l; Perpendicular length between the tibia and the tibial tuberosity
(cm)

lg Perpendicular length between the femoral axis and the line of
action of quadriceps tendon force (cm)

A Dimensionless, intersected tibia length function (-)

A3 Dimensionless, intersected femur length function (-)

Ay Dimensionless length of patellar tendon (-)

At Dimensionless thickness of shin (-)

As Dimensionless thickness of thigh (-)

o Flexion angle of the knee (°)

B Angle between the patellar tendon axis and the tibial axis (°)
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Angle between the axis of tibia and the line of action of the BW
force (°)

Angle between the axis of femur and the line of action of the BW
force (°)

Angle between the tibial axis and tibiofemoral force (°)

Angle between the patellar tendon and the patellar axis (°)
Angle between the patellar axis and the femoral axis (°)

Angle between the quadriceps tendon and the femoral axis (°)
Angle between the quadriceps tendon and the patellar axis (°)
Dimensionless function of the angle between the axis of tibia and
the line of action of the BW force (-)

Flexion of femur relative to the tibial axis (°)

Quadriceps force angle with respect to tibial axis (°)

Patellar axis angle with respect to tibial axis (°)

Patellar rotation, twist and tilt (°)

Change in patellofemoral mechanism angle (°)

Angular acceleration (1/s2)

Position of center of gravity in the x direction (m)

Position of center of gravity in the y direction (m)

Position of center of gravity in the z direction (m)

Constant for t-tests (-)

Linear correlation coefficient between the original and modelled
data values (-)

Basic circle of the driving gear (m)

Basic circle of the driven gear (m)

Contact velocity of the driving gear (m/s)

Contact velocity of the driven gear (m/s)

Angular velocity of the driving gear in the contact (1/s)

Angular velocity of the driven gear in the contact (1/5)
Sliding-rolling ratio (-)

Rolling-sliding ratio (-)

Displacement vector describing the path of the contact points (m)
Displacement vector of the center of mass regarding the femur
(m)

Displacement vector of the center of mass regarding the tibia (m)
Velocity vector of the center of mass regarding the femur (m/s)
Velocity vector of the center of mass regarding the tibia (m/s)
Angular velocity vector of the center of mass regarding the
femur (1/s)

Angular velocity vector of the center of mass regarding the tibia
(1/s)

Tangential unit-vector of the contact path (-)

Displacement vector determining the contact point with respect
to the center of mass of the femur (m)

Displacement vector determining the contact point with respect
to the center of mass of the tibia (m)

Velocity vector of the contact point with respect to the center of
mass of the femur (m/s)

Velocity vectors of the contact point with respect to the center of
masses of the tibia (m/s)
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Vert Tangential velocity components in the contact point regarding
the femur (m/s)

Vert Tangential velocity components in the contact point regarding
the tibia (m/s)

Vern Normal velocity components in the contact point regarding the
femur (m/s)

Vern Normal velocity components in the contact point regarding the
tibia (m/s)

Sfemur Arc length of femur (m)

Stibia Arc length of tibia (m)

Us Static coefficient of friction (-)

Ug Dynamic coefficient of friction (-)

TKR Total knee replacement

ACL Anterior cruciate ligament

PCL Posterior cruciate ligament

MCL Medial cruciate ligament

LCL Lateral cruciate ligament

SD Standard deviation

COP Center of pressure

COG Center of gravity

ODE Ordinary differential equations

DAE Differential-algebraic equations

CCD Charge-couple device
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1. INTRODUCTION AND OBJECTIVES

In this chapter, the importance of the research topic is presented along with this research's
objectives.

1.1. Introduction

The knee joint is the largest joint in the human body and the joints most commonly affected by
arthritis. Figl.1.The knee joint is a hinge joint, meaning it allows the leg to extend and bend back
and forth with a minimal side-to-side motion. It is comprised of bones, cartilage, ligaments,
tendons, and other tissues. (Olinski et al., 2016). The human knee is a complex joint located
between the leg and the thigh, below the body's center of gravity. It is often considered an organ
of biological transmission comparable to a torque converter (Mesfar, 2005). In this context,
mechanically, the articular surfaces are considered to support bearings. The muscles are the
system's motor or brake organs, and the ligaments provide the link for transmission. The literature
includes a multitude of research studies interested in studying the human knee joint. This work
covers several aspects, such as the functioning, diagnosis, prevention and treatment of injuries.
Their goal is to understand the biomechanics of the joint, predict potentially harmful loads and
prescribe rehabilitation techniques. Just like experimental studies, numerical studies help in the
prevention of injury and degeneration. In addition, an appropriately developed EF model is a
powerful tool to predict the effects of the different parameters involved and provide information
complex to obtain from experience. 3D planning of your total knee prosthesis: The new technology
allows an ideal preparation and positioning of your knee prosthesis. Traditionally, preoperative
planning is based on x-rays to determine the size and positioning of your prosthesis, Optimizing
its implementation using 3-dimensional planning by computer and imaging—realization of tailor-
made, personalized instruments. The new technology allows an ideal preparation and positioning
of your knee prosthesis. Traditionally, preoperative planning has been based on x-rays to
determine the size and positioning of your prosthetic knee. These x-rays give a two-dimensional
image. The new technology uses MRI or CT scans of your knee to develop specific and unique
instruments. These images are three-dimensional and, therefore, exact. The new technology allows
the doctor to do a complete preoperative assessment and be more precise in the placement of your
prosthesis. This technique also reduces bleeding, the duration of the operation and therefore the
risk of intraoperative complications Fig. 1.1.

The human knee joint usually suffers progressive deterioration with time. The conventional cure
of this issue is to replace it with an alternate knee by applying the prosthesis implant. The reason
is that the process causes the abrasion of the different materials rather than just sliding or rolling.
This study aims to develop the numerical measurement of the knee prosthesis’s geometry, which
fulfils the mechanical requirements of the human knee. The MSC.ADAMS programme was
applied to demonstrate the movement of the human knee joint in terms of rotation and flexion. The
changes between the condyles of the developed Multibody of the prosthesis related to the flexion
angle ranging from 20-120- were investigated and presented. The boundary conditions were
determined, and simulations performed using the ADAM’s programme. An average value of 0.7
was reached for the slip ration, with the maximum getting up to 0.79. An angle between 110-120°
for the flexion angle was obtained. It can be said that the application of the Multibody model saves
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Time as there is no involvement of the tibia and the femur as required for the knee prosthesis.
More importantly, as the application of the test machine is omitted in our process, our model’s
approximations to a human knee are carried out directly. Without cost, several measurements for
the knee prosthesis could be made and repaired. The study results provide the necessary insight
for future tests regarding the movement of the knee joint.
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Fig 1.1: Knee prosthesis geometry

1.2. Research objectives

In this research, we will develop the numerical measurement of the knee prosthesis geometry,
which fulfils the human knee's requirements mechanically. The objectives of this research can be
described as follow:

e To create the new multibody model of the knee prosthesis geometry by using
MSC.ADAMS program, within that model to develop the numerical measurement of the
knee prosthesis geometry.

e To develop the kinematic motion of the multibody model for the knee prosthesis geometry
and this part of the study will be making rotation for Multibody model like Balassa did that
with his test machine at MATE university, and we will did the same study to compare our
model with his results, with new method with fast result and lower cost.

e To develop the new geometry of the knee prosthesis to reach good results that it can be
close to the range the normal human knee motion and will be that great results to reach it.

10
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2.1. The knee joint

As | have already mentioned, the knee is the biggest and most complicated joint of the
human body, making its movement complex. To study the knee joint movement, we
need to know the knee joint's structure, anatomy, and basic functioning. (I use the knee
joint and knee words as synonyms for each other).

2.1.1. Anatomical description of the knee

The knee is the largest and most complicated joint in the human body (Bull et al., 2008;
Z. KHEIREDDINE, 2019). The knee is a joint connecting the femur (thigh bone),
patella (knee cap) and tibia (shin bone). The fibula, connected to the tibia, also forms
part of the knee joint. Fig. 2.1 and Fig. 2.2 shows us the main components of the knee
joint. In humans, the knees support almost the entire body's weight and are therefore
very vulnerable to injury and the development of osteoarthritis.

Osteoarthritis is the abnormal wearing of the cartilage covering the joints and
decreasing synovial fluid, which acts as a lubricant for the joints. This results in low-
grade inflammation of the joints, which leads to pain and can significantly affect a
person's quality of life. For instance, simple tasks like walking or climbing stairs can
become difficult. The knee movement can be separated into two significant
articulations within the knee, the tibiofemoral articulation and the patellofemoral
articulation.

Currently, knee replacement surgery is performed on a large number of people
throughout the world. Modern technologies would be required to contribute to this
subject within the near future. This means that techniques used for virtual prototyping
of mechanical systems must be extended to advanced biomechanical systems to meet
the specifications and demands (Ardestani et al., 2015; Katona et al., 2015; Price et al.,
2018; Zanasi, 2011)(Bull et al., 2008).

11
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human knee joint (Olinski et al.,
2016)
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Fig. 2.2 Crossed four-bar mechanism
for the left knee (Olinski et al., 2016).

The human knee is a joint that joins the leg to the thigh. From an anatomical point of
view, this complex structure consists of two joints: the tibiofemoral joint, which
provides the connection between the femur and the tibia, and the patellofemoral joint,
which describes the movements of the patella concerning the tibia (Gill, 2016). The
tibiofemoral joint is made up of several non-congruent surfaces; the femoral condyles
as well as the Tibial plateau. The latter comprises two glenoid cavities: the medial
glenoid cavity and the lateral glenoid cavity (Postolka et al., 2020). In the plateau's
central part, these cavities straighten out to form the massive Tibial spine (Fig. 2.3).
This massive creates a pivot of rotation which engages in the intercondylar notch

(which separates the two femoral condyles).

Intercondylar
groove \

Lateral
femoral \

condyle

Medial
5 femoral
condyle

ACL

Medial
meniscus

Fibula

(

> PCL

L Lateral
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Fig 2.3 The Distal Articulation Components of the femur.
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Each of the tibiofemoral joint surfaces is covered by layers of the cartilage of varying
thicknesses, between which are interposed the menisci (placed between the tibia and
the femur). The cohesion of this joint is ensured by a set of ligaments as well as by the
patella. We distinguish the anterior cruciate ligament (ACL), the posterior cruciate
ligament (PCL), the medial collateral ligament (LCM) and the lateral collateral
ligament (LCL). The former two help with anteroposterior stability and flexion-
extension, and the latter two provide lateral stability (Pearcy, 1999). As the femur
flexes, an additional contact takes place through the layers of cartilage between the
femur and the kneecap. Figs 2.3 and 2.4, respectively, show the different constituents
and movements (mainly flexion and extension movements combined with rotations in
other planes) of the knee joint.

5

B :
Knee In Extension Knee In Flexion

Fig 2.4: Right knee fully extended (left) and flexed (right).

The most efficient process for correcting deformities in the leg and removing pains
associated with the knee, and enabling sanctionative patients to resume traditional daily
activities is Total knee replacement (TKR) surgery. Since the primary TKR surgery was
performed in 1968, enhancements with different materials and methods have drastically
increased this method's effectiveness(Bert, 2005; Bull et al., 2008; Phruetthiphat et al.,
2021; Vince, 2014).

The proper handling of degenerative abrasion in the knee joint is currently one of the
essential orthopedic problems. The appropriate solution for this issue is to remove and
replace it with a prosthesis. Unfortunately, no perfect knee prosthesis can replace the
original knee because of the knee kinematics' complexity.

During the various daily activities, this joint is exposed to significant loads and
movements, which may in some cases exceed the mechanical capacities of its
components. Several previous works have mentioned that the compressive force on the
knee joint varies from 2 to 4 times the weight of the human body in daily activities such
as walking, climbing stairs, etc. (Richards and Higginson, 2010; Sciences et al., 2019).
These forces can reach even 11 times the body weight during the practice of particular
sports activities (football, skiing, etc. ....). These heavy loads are responsible for the
injuries and pain observed in the knee joint, such as torn meniscus, ruptured ligaments,
and osteoarthritis (OA). The latter affected more than 27 million Americans

12
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(Christiansen et al., 2012; Richards and Higginson, 2010) and about 4.4 million
Canadians (13% of the population) in 2010. This is expected to reach 10.4 million by
2040 for Canadians or 25.6% of the population (Barber et al., 2016). The total economic
burden of osteoarthritis is expected to reach $ 405.1 billion in 2020 (AAFC, 2011).
When it comes to problems with anterior cruciate ligament injuries, the American
Orthopedic Association (AOS) has reported that approximately 95,000 people have
been affected each year. This has led surgeons to perform 50,000 procedures to repair
this ligament. This clearly shows that the pathologies are pretty numerous in the human
knee, and the treatment sometimes requires a surgical intervention either to repair or to
implant.

The knee designates a joint of the lower limbs connecting the leg to the thigh and
supporting the weight of the body. It involves three bones, the femur, the tibia and the
patella, through three joints, the patellofemoral joint (FP) and the double joint
femorotibial (FT), bicondylar. At the distal end of the femoral epiphysis, the femoral
trochlea articulates with the posterior surface of the patella. The anterior region of the
knee is thus formed by the soft tissues and the patella, located in front of the knee joint,
While the posterior region of the knee or popliteal is placed behind the joint. It is a
synovial joint whose lubrication is provided by synovial fluid. Cartilage, a thin
avascular and non-innervated elastic tissue, protects the bone, ensures the sliding of the
articular surfaces easily against each other as well as the fluidity of the movements of
the knee. There are two types of articular cartilage, the fibrous cartilage at the level of
the menisci and the hyaline cartilage. An extremely low coefficient of friction allows
resistance to high compression and tension forces in the lower limbs.

The two main elements that make up cartilage are the matrix and the chondrocyte. The
matrix is composed of a network of rigid type Il fibrillar collagen fibers which form a
solid framework. Inside this collagen network, certain molecules called proteoglycans
retain water molecules by a hydrophilic effect.

The chondrocyte is the only cell type of articular cartilage. In adults and under
physiological conditions, it is a resting cell that functions in autarky and anaerobically,
nourishing itself by imbibition from the synovial fluid. The architecture of cartilage is
thus complex and accounts for its biomechanical capacities (Guillemin et al., 2011).

The frontal stability of the knee is ensured by two extra-articular ligaments, an internal
lateral ligament and an external lateral ligament. Sagittal stability is provided by two
intra-articular cruciate ligaments, forming the pivot of the knee, the anterior cruciate
ligament (ACL) and the posterior cruciate ligament (PCL).

Each knee has two menisci, an internal meniscus and an external meniscus. Made up
of cartilage, they are interposed between the femur and the tibia in order to stabilize the
knee. The different structures of the knee are shown in Fig 2.5 (Id, 2021).

13
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ligament

i
Soaynert interme

externe
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externe interme

Fig 2.5: Right knee, front view(ld, 2021).
2.1.2. Ligaments

The element that connects the femur and tibia is the ligaments (Imhauser et al., 2017).
There are four main ligaments in the knee joint, the lateral and medial collateral
ligaments (LCL and MCL) and the posterior and anterior cruciate ligaments (PCL and
ACL). These are presented in (Fig 2.6). The ligaments work together to stabilize the
knee joint and play a crucial role in its kinematics. The LCL and MCL are attached on
the sides of the joint and are responsible for the joint's side-to-side stability. The ACL
lies to the front, in the center of the knee joint, and restricts the tibia's anterior movement
relative to the femur. The PCL restricts the tibia's rearward movement relative to the
femur and lies to the knee joint's back.

QUADRICEPS

MUSCLES QUADRICEPS
N

TENDO

PATELLA

CARTILAGE

LATERAL CONDYLE

MEDIAL COLLATERAL

POSTERIOR CRUCIATE LIGAMENT (MCL)

LIGAMENT (PCL)

ANTERIOR CRUCIATE
LIGAMENT (ACL)

MENISCUS

PATELLAR TENDON

LATERAL COLLATERAL (LIGAMENT)

LIGAMENT

FIBULA BONE
F
m
z5

Fig 2.6. Main components of the knee ligaments (Imhauser et al., 2017).
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Ligaments are bands of connective tissue that are fibrous, elastic and whitish. All of
these ligament structures help maintain good joint kinematics (Weiss, 2014). Indeed,
the ligaments limit the abnormal movements of the joint while ensuring the
maintenance of the bone parts in their physiological position. Normal. Four main
ligaments contribute to the relative movement of the tibial-femoral joint; the anterior
cruciate ligament (ACL), the posterior cruciate ligament (PCL), the collateral ligament
medial (LCM) and lateral collateral ligament (LCL) (Fig 2.6). One of the main
characteristics of these ligaments is their excellent resistance to different loads.
Therefore, depending on the loading conditions, one or a combination of these
ligaments work as a primary restriction in the joint's stability. In addition, the
anatomical geometry of these ligaments and the location of their insertion sites (Fig
2.6) have an essential role in joint mobility and stability (Weiss, 2014).

The anterior cruciate ligament (ACL), located in the middle of the knee, is characterized
by a width that varies from 7 to 12 mm and an intra-articular length of 32 mm on
average (Petersen and Sekiya, 2006). It connects the posterior part of the lateral aspect
of the intercondylar notch at the anterior part of the tibial spine (Fig 2.11). This
ligament, formed by long and aligned fibers, prevents excessive posterior movement of
the femur relative to the tibia. It can be divided into the anteromedial bundle (AM) and
the poster lateral bundle (PL). The first is the largest and longest bundle. Kummer and
Yamamoto (1988) measured the intra-articular length of the PL bundle of 50 corpses
and reported a length of 17.8mm. Furthermore, several cadaveric studies have shown
that the PL beam plays a more critical role than the AM beam in ensuring rotational
stability (Gabriel et al., 2004; Steckel et al., 2007).

The posterior cruciate ligament (PCL) is located just behind the ACL. It is inserted at
the level of the upper half of the medial surface of the intercondylar notch and on the
posterior part of the tibial spine (Figure 2-7). Its primary role is to prevent movement
of excessive posterior tibia concerning the femur (Steckel et al., 2007). The average
length and thickness of the LCP are respectively 38 +4 mm and 13 = 1 mm (Bonasia
et al., 2018). It comprises two principal bundles: the posteromedial bundle (PM) and
the anterolateral bundle (AL). All Like the ACL bundles, each of these bundles is
stretched into positions different from the knee's range of motion (Of et al., 1996).

The medial collateral ligament (MCL) represents a broad, fibrous, flattened band (an
average length of 100 to 120 mm). It extends from the top of the internal condylar
tuberosity to the medial aspect of the tibia, also attaching to the inner periphery of the
medial meniscus (Fig 2.7). It resists internal and external rotations, but its most
outstanding contribution is to the overall stiffness of the joint under valgus moments
(K. Markolf, Mensch, & Amstutz, 1976; Nielsen, Rasmussen, Ovesen, & Andersen,
n.d.).The lateral collateral ligament (LCL) is an almost circular cross-section (an
average length of 50mm). It originates from the external condylar tuberosity and ends
on the lateral aspect of the fibula head (Fig 2.7). However, this ligament has no
anatomical link with the meniscus. external(Price et al., 2018).
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Fig 2.7 Cruciate ligaments (LCA, LCP) and collaterals (LCM, LCL)

Besides these four ligaments, there are other ligaments in the human knee. Namely, the
two patellofemoral ligaments (internal and external patellar fins) and the patellar
ligament connect the kneecap to the tibia (often called the patellar tendon because it
pursues muscle action). Therefore, these ligaments can play a more or less important
role in the stability of the joint. Indeed, some studies have mentioned the importance
and the potential role of the internal patellar fin in the stability of the patella (Nomura
et al., 2000).

To understand the mechanical behavior of knee ligaments, several studies have been
carried out to determine the value of different mechanical parameters such as modulus
of elasticity, maximum deformation, the energy density at break and maximum stress
(Mommersteeg et al., 1996). By examining in vitro three human knees from male
donors,(Jones and Grimshaw, 2010) determined the stress-strain curve (Fig 2.8) of the
cruciate ligaments (ACL and PCL), the lateral collateral ligament (LCL) and patellar
tendon (PT). In this curve, the stiffness increases with the applied stress. This
observation was explained later by (Popescu, 2009). According to them, ligaments are
tissues similar to cords that connect the femur to the tibia. At large deformations, the
waviness of the fibers decreases and therefore, the stiffness increases significantly.
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Fig 2.8 Stress-strain curve for the different ligaments: cruciate ligaments (ACL and
PCL), lateral collateral ligament (LCL) and patellar tendon (PT) (Feder and Levy,
1992).

4.4  Knee prosthesis

Prosthetic knee replacement is now a mature surgical technique as widely used as total
hip replacement. It is primarily intended for patients suffering from knee osteoarthritis
when it becomes debilitating and painful and no longer responds to conservative
medical and physiotherapeutic treatments. Even in the long term, its results are
excellent in patients 70 years of age or older. They can still be improved in younger and
more active patients requiring more extended and more intense implants. Infection,
aseptic  loosening and implantation defects are the most common
complications.(Kheireddine and Oldal, 2021) There are currently three forms of knee
prostheses allowing the replacement and resurfacing of worn or destroyed
compartments:

e The total prosthesis addresses the three compartments of the knee: internal
femorotibial, external and patellofemoral.

e The uni-compartmental prosthesis for the internal or external femorotibial
compartment.

e The patellofemoral prosthesis. In 1965, the first so-called hinged prostheses
appeared. Then, at the end of the 1970s, modern so-called sliding, semi-
constrained prostheses appeared; the femoral and tibial parts are
independent, but their design ensures stability.
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Perfect PTG should be compatible with normal knee function and remove any
instability resulting from the pre-existing pathology. It should also have little exposure
to wear and tear and have an optimal fixation. To date, all the TKGs represent
compromises. Although the prostheses used to strive to meet these requirements, to
varying degrees, depending on the situation individual, restoring normal knee function
appears to be the most challenging goal to achieve, many questions remain unanswered.
So, it is not established that it is possible or even desirable to restore normal kinematics
after PTG.

2.2.1. Total knee replacement

The total prosthesis replaces all of the worn cartilage. It is a set of components
mechanical which replaces the normal joint, ensuring the same rotational movements
and slip like a normal knee. Three-compartment prostheses are made up of three
different implants.

2.2.2. Femoral prosthesis

It is fixed on the femur, which will be subjected to significant friction forces and is most
often made of a chromium-cobalt alloy (in these mechanical conditions, this alloy is the
best tolerated one).

2.2.3. Tibial prosthesis
Which even includes two parts:

e A horizontal metal plate, usually made of titanium for elasticity reasons,
anchored in the tibia.
e Aremovable polyethene tray is fixed in the metal tray.

2.2.4. Patella prosthesis

It covers the posterior surface of this bone. It included a metal part cemented in the
bone on which was fixed a zone of polyethene friction. Experience has shown that this
prosthesis should be eliminated because the polyethene wedged between two metal
surfaces wears out quickly. Fig 2.9 Surgeons are reverted to a patellar prosthesis
entirely in polyethene. Some do not put a prosthesis patella and are satisfied with
femoral and tibial prostheses.
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Fig 2.9 Total knee replacement
2.3. Knee kinematics

Fig 2.10 shows us 6 degrees of freedom for the knee joint. It is important to note that
the knee joint is not a pure hinge joint but moves with a complex set of translations and
rotations in all six degrees of freedom (Komdeur et al., 2002). During normal Flexion
of the knee, tibiofemoral motion is a combination of sliding and rolling motions
between the contacting tibia and femoral condyles. The motion is constrained by the
bones' geometry, as well as the menisci and the muscular attachments via ligaments and
tendons. The knee can only reach full extension with a small amount of external tibial
rotation on the femur. This is due to the fact that the medial condyle is typically in the
order of 12 mm longer than the lateral condyle. This tibial rotation is known as the
‘screw home’ mechanism, and it allows the knee to be held in full extension without
undue fatigue of the surrounding muscles (Komdeur et al., 2002). Therefore, the shapes
of the articulating surfaces in the knee are the most important factor when dealing with
knee movement.

/.

/. Femoral long
. axis

Transepicondylar
axis

Geometrical
center axis

¥ Tibial long
! axis

Fig 2.10. Reference directions for knee movement (Komdeur et al., 2002).

19



2. LITERATURE REVIEW

2.3.1. Tibiofemoral motion

The posterior condyles' geometry was the first circular and roughly the same size in
1836 by Weber and Weber (Freeman and Pinskerova, 2005). This hypothesis has been
used in numerous kinematics-related studies (Freeman and Pinskerova, 2005; Niitsu,
n.d.; Williams and Logan, 2004), and is still very popular today. Proposes that the
flexion arc can be divided into three segments. The mode of articulation differs for each
portion as the shape of the condyle changes. The active functional arc is the portion
ranging from about 20° to 120°. This part is known as the Flexion Facet (FFC). The
(screw-home) arc stretches from 20° to full extension and is also known as the
Extension Facet (EFC). The third portion is known as the passive arc and stretches from
about 120 ° to full Flexion. The three portions are shown in Fig 2.11.

Full flexion
Active functional

145°/160 o

120

110

Fig 2.11. The three arcs of Flexion (Freeman and Pinskerova, 2005).

The knee joint has six degrees of freedom, as is shown in Fig 2.12. It is important to
note that the knee joint is not a pure hinge joint but moves with a complex set of
translations and rotations in all six degrees of freedom (Lenz et al., 2021; Postolka et
al., 2020). During normal Flexion of the knee, tibiofemoral motion is a combination of
sliding and rolling motions between the contacting tibia and femoral condyles. The
motion is constrained by the geometry of the bones and the menisci and the muscular
attachments via ligaments and tendons. The knee can only reach full extension with a
small amount of external tibial rotation on the femur. This is due to the fact that the
medial condyle is typically in the order of 12 mm longer than the lateral condyle. This
tibial rotation is known as the ‘screw home’ mechanism, and it allows the knee to be
held in full extension without undue fatigue of the surrounding muscles (Lenz et al.,
2021). The shapes of the articulating surfaces in the knee are the most important factor
when dealing with knee movement.

20



2. LITERATURE REVIEW

| Compression-distraction

Anterior-posterior

translation
Medial—lateral

translation

C Flexion-

extension
Abduction-
adduction

. Intermal—-external
' rotation

Fig 2.12 Reference directions for knee movement (Lenz et al., 2021)

The experimental poses of each participant’s tibia and patella with respect to their femur
from the MRIs at approximately 0°, 7°, 15° and 25° of TFJ flexion angle (Fig.2.13)
(Barzan et al., 2019). The anatomical landmarks identified in the MRIreference 0°
position, and used to create the initial SCSs, were identified on the corresponding
registered bones at 7°, 15° and 25° positions (Fig.2.13b—e). These landmarks were used
to create the bones” SCSs and six-degrees-of-freedom kinematics at the four TFJ
flexion angles. To ensure that the same fibers within each ligament were chosen, the
transformation matrices aligning the SCSs in the MRI-reference pose to the SCSs in 7°,
15° and 25° flexion angles were computed and used to derive the ligaments’ attachment
points in all poses. For each model, ligaments’ lengths were computed as Euclidean
distance between the attachment point's at all four different poses. The Root-Mean-
Square Errors (RMSESs) between each participant’s predicted and MRI-measured TFJ,
PFJ and ligament kinematics were computed for each kinematic model and averaged
across the four TFJ flexion angles. Ninety-five per cent confidence intervals (CI) were
also computed. A one-way repeated measures Analysis of Variance (ANOVA) with a
priori contrasts were performed to determine differences in the average RMSE between
each kinematic model at each TFJ and PFJ degree of freedom and ligament length (a =
0.05). Kinematic data were not normally distributed according to Shapiro-Wilk test
results. Therefore, Statistical non-Parametric Mapping (SnPM) was used to assess the
models’ outputs (Pataky et al., 2016). Subsequently, the resulting average kinematic
curves from the three models were compared to determine if significant differences
existed between the curves at any TFJ flexion angle (Society et al., 2020). To this end,
thirty-three nonparametric one dimension two-tailed paired t-tests were conducted on
the TFJ and PFJ kinematics, taking into consideration the dependency of all points of
each TFJ Flexion ROM (a = 0.05) to calculate the critical

threshold (t*) (Penney et al., 2011). There was no correction for multiple hypothesis
testing. All SnPM analyses were performed in Matlab using the open-source SPM1D

21



2. LITERATURE REVIEW

code (Paelinck, 2018). Additionally, the similarity of the pattern of the TFJ and PFJ
kinematic curves from the three models with those from published kinematics was
examined using Pearson’s correlation (q).

Fig 2.13. Example of full-length bone segmentation from the full lower limb MRI scan
(a). Example of bone segmentation from the regional MRI scans at approximately 0°(b),
7°(c), 15° (d) and 25° (e) of TFJ flexion and registration of these bones to the full-length
bones (b, c, d, e) (Barzan et al., 2019).

2.4 Description of the calculations Employed in the ADAMS Model

In this part, we will only focus on the movement of the knee in the sagittal plane. The
femorotibial joint is made up of several joint surfaces that slide and roll over each other.
In this shot, the movement of the knee is called the rolling-sliding motion. This
movement is the composition of a rotation and a translation. Fig 2.13 illustrates this
type of movement. In the case of pure sliding (see Fig 2.14 (a)), the friction between
the femur and the tibia is low enough that the point of contact does not vary during
flexion. This case corresponds to a pivot connection. In the case of pure bearing, Fig
2.14 (b), during flexion, the friction between the condyles of the femur and the tibial
plateau is large enough to prevent slippage. In this case, there is a displacement of the
point of contact, which depends only the flexion angle and diameter of the condyles.
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Fig 2.14 Simplified representation of the lengthening of the lever arm of the extensor
system of the knee due to the patella (Klein and Sommerfeld, 2014).

Finally, the rolling-sliding case, shown in Fig 2.15 (c), corresponds to the anatomical
movement observed with the human joint. In this case, the point of contact is displaced
between the tibia and the femur. However, this displacement remains lower than in the
case of pure bearing (11 <I2). During the flexion of the knee, we observe the three
successive movements. For bending less than 20°, the joint performs pure rolling. From
20 to 140°, the joint performs a rolling-sliding motion.

Finally, beyond 140° of flexion, the movement observed is a pure sliding movement,
so there is no longer any movement of the point of contact between the tibia and the
femur Fig 2.2.This complex movement brings several exciting properties to the knee
joint. Thus, a pure rolling or pure sliding movement would limit the articular
movement, Figs 2.15. 2.16 illustrates these two behaviors. It is observed that pure
rolling causes dislocation of the knee for a flexion angle less than the maximum flexion
angle of the knee. The case of pure sliding limits joint movement by early contact
between the femur and the tibial plateau. The rolling-sliding movement, therefore,
explains the significant joint movement observed in humans. Another attractive
property provided by the knee joint movement is that it limits joint wear compared to
pure sliding.

2.4.1 Movement of the femorotibial joint out of the plan sagittal

In addition to the rolling-sliding motion presented in the sagittal plane, we
observe different rotations in the other planes. Thus, during the transition from full
flexion to full knee extension, we observe a rotation of 10° to 15° in the horizontal
plane.
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1=0 Iy I

(a) Pure slip (b) Pure bearing (c) Bearing-sliding

Fig 2.15 Illustration of the rolling-sliding movement
(Klein and Sommerfeld, 2014)

Fig 2.16 lllustration of the extreme behavior in the event of pure rolling or pure
sliding (Klein and Sommerfeld, 2014).

Fig 2.17 The possible movements of the knee (Lepoutre, 2007).
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This degree of freedom is due to the non-symmetry of the condyles of the femur in the
sagittal plane. This rotation provides more excellent stability when fully extending the
knee, allowing for upright standing. In addition, we can observe a movement called
varus-valgus of low amplitude in the frontal plane. The shapes of the condyles and tibial
glenoid cause a varus-valgus movement of the tibia of about 10°. We see that the patella
makes a sliding movement on the trochlea during these movements, which helps to
ensure anteroposterior stability. These possible movements in and out of the sagittal
plane show that modelling the knee by one or more pivot links does not consider all the
knee movements. It should be noted that the majority of bipedal robots use knee joints
with a single degree of freedom in rotation. The knee joint is made up of the
femorotibial joint and its functional assembly with the patellofemoral joint. Indeed, the
patella slides in the throat of the trochlea. Ligaments hold it on the femur and tibia (Fig
2.18). Its essential role is to allow flexion and extension movements of the knee.

Fig 2.18 The patella and its fixation on the knee (after Calais Germain, 1986);
(1): longitudinal axis of the femur, (2): axis of the condyles, (3): axis of the tibial
plates, (4): longitudinal axis of the tibia.

2.4.2. Synthesis of joint movements

The Synthesis of the physiological angular deflections of the main joints of the knee is
summarized in Table 1.

Table 1: Angular amplitudes of the joints of the knee joint.

Angular Angular amplitudes Angular amplitudes
amplitudes along | following following the vertical axis
the antero- the Medio lateral axis | (Z2)
posterior axis (X) | (YY)
Hip Max adduction: | Flexion max : 120° Max internal rotation:
30° Extension max : 30°
Max abduction: | 20° Max external rotation:
45° 60 °
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Knee Flexion max : 120° (Knee flexed)
Extension max : Max internal rotation:
0° 20°

Max external rotation:
30°

The physiological range of motion will characterize the pathological range in the
analysis of our results.

2.4.3. Reverse dynamics analysis

Once the kinematic problem is solved, the Lagrange dynamics equations solve the
inverse dynamics problem. To do this, we admit d'Alembert's principle, stating that for
a given body (i), the sum of the difference between the external forces (f[) and the
inertial forces (m;a;) for a virtual work following the generalized coordinates (§g;) is
zero:

o (F — myd;).64; =0 (2.1)
e (M; — Lia; — Wiliw;).8G; = 0 (2.2)

In other words, between two simulation steps, we can consider that the system is in
equilibrium. The same logic applies to the moments (Equation (2.2)). We can therefore
reduce Equation (2.1) to a set of rigid bodies in equilibrium:

—

m;7, = F, (2.3)
Iin' + Wiliwi = TL' (24)

Where I; is the inertial tensor (in the total system) of the body and w; is the
antisymmetric matrix of the vectorw;, that is to say, thativ; = w] = —w;. Finally, the
angular velocity (w;) can be found from the rotational part of the generalized
coordinates, so that:

w; = Zp'lpi_l (2.5)
We can rewrite equations (2.3) and (2.4) in matrix form:
o 2] # i =[]
[ 0 I lwil wiliwi | IT; (2.6)
Miai + bi =9 (27)
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And by generalizing for all the rigid bodies of the system, we find:

M, ay by 91
M, %24 |b2| = |92 (2.8)
An b, In

M,
Ma+b=g (2.9)

Interestingly, Equation (2.9) is often written in Mg = g, thus allowing a direct
relationship between kinematics and dynamics (Flores, 2008). In (2.10), g represents
the set of forces and moments present in the system. These can be broken down into
three groups: applied forces and moments (g#), contact forces and moments (g¢) and
muscle forces and moments (g). Since the first forces are known (these are the
reaction forces and moments on the ground and any other external forces or moments
applied to the model), while the last two are unknown, it is more practical to rewrite the
problem as follows:

Ma+b —gi=d (2.10)

With d = g€+ g™ In addition, it is considered that the kinematic constraints
(scleronomas) anatomically represent non-muscular forces (ligamentous, geometric,
etc.), while piloting constraints (rheonomas) represent the consequences of muscular
forces. Thus, the joint contact forces are on the same axis as the kinematic stresses and
are the same number as the kinematic stresses. On the contrary, the muscular forces
generating the movement are not necessarily the same direction as the piloting
constraints. Thus, it is more interesting to represent d by a matrix of directional
coefficients (C), a function of the geometry of the muscles, multiplied by a matrix of
amplitudes (f™), representing the muscle strength of each muscle (Terholm et al.,
2000):

d=cfM (2.11)

Directional coefficients (C) are a set of unit vectors describing the line of action of
muscles. We, therefore, separate the muscular line of action, found from the kinematics
and insertion points of the muscles, from the amplitude of muscle force (), found
from the optimization process. Since the number of equations represented by equation
(2.11) is greater than the number of degrees of freedom of the system, these can be
reduced by a standard reduction method, such as Gauss-Jordan elimination, before be
resolved to speed up the optimization process. This reduces the number of rows in the
matrix to the number of unknowns in the system (Damsgaard, 2006).
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2.4.4. Optimization of muscle strength

Although the AMS does not distinguish between reverse calculating dynamics and
muscle optimization in its solving steps, a distinction has been made here since.
However, these are two different steps from the point of view. The problem of muscle
recruitment applied to the reverse dynamic is one of optimization. The objective
function to be minimized:

Gf") (2.12)

Is subject to the constraints posed by the problem of inverse dynamics (see section
3.2.3):
CfM=d (2.13)

Because muscles can only pull (not push), then:

M=o (2.14)

AMS uses the min-max criterion as an objective function that minimizes the maximum
level of muscle activation (Damsgaard, 2006; Terholm et al., 2000; Wolf and Wartzack,
2018).

G(f") = max (’;—M) (2.15)

Where fM is the force of a particular muscle and where F; is the maximum force that
this same muscle can generate. This criterion tends to distribute the muscular effort on
as many muscles as possible, which will work as little as possible.

2.4.5. Contact forces

A contact force (F.), also called bone-to-bone force(Winter and Winter, 2013) or
internal reaction force (Zatsiorsky and Motion, 2005), is, for a given joint, the result of
muscle forces and moments (Fy,) and reaction forces and moments (Fy) derived from
reaction forces and moments on the ground:

However, solving the inverse dynamic with AMS (see section 2.4.3) is one of the
variables calculated in the muscle optimization process (namedg®, since the forces
are g¢ the reaction forces 2.4.4). We can therefore extract these results from the
simulations without any difficulty. Despite the great strides in biomechanics, there are
surprising gaps in our understanding of the human body and how it works. For example,
the knee joint is located at the center of a chain of motion that begins at the foot and
connects to the pelvis at the end. But the relationship between the tibia and femur
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provides few engineering limitations. Knee stabilization is achieved by operating
several soft tissue structures. Details of how these structures function are still largely a
mystery. Adams of MSC, a multibody dynamics simulation solution, can provide the
right insights to help gain a better understanding of the inner workings of the knee. This
section presents the kinematic calculations for the motion as a function of time and is
automatically solved by the ADAMS programme. This section presents the kinematic
calculations for the motion as a function of time and is automatically solved by the
ADAMS programme. Because the multibody is considered solid, solid body kinematics
is applicable. Therefore, the ratio of the sliding roll is determined only between the
femur and the tibia. This is what was noticed that the patella does not appear in the
account or the figures. The following equations (2.17)—(2.18) were used to determine
the velocity at a point of the connecting femoral or tibial surfaces (Fig 2.20).

Pc(t) = Veur(©) + Qemr (8) X Dy () (2.17)
Where,

D¢1(8) = Deyp(t) + Dep(t) = Dep(t) = Dey (8) — Depr (t) (2.18)

By substituting Equation (2.17) into (2.18), we obtain:
P.(t) = Vepre(t) + Qepr (8) X (561(t) - DCMF(t)) (2.19)
From Equation (2.19), we obtain (2.20) and (2.21):

Ver() = Veur(t) + Qemr(t) X (5c1 (t) — ECMF(t)) (2.20)

Ver(@®) = Veur (@) + Qemr (t) X (501 (t) — 5CMT(t)) (2.21)

The absolute coordinate system has determined velocities relating to the femur and
tibia at the point of contact (Fig 2.19 and 2.20).
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Fig 20. The motions of the tibia and femur at the contact point.
At the unit vector P, (t), we multiply Equations (2.20) and (2.21):
Vere () = Ver () - Per (8) = [Vemr () + Qemr () X (Dex (©) = Demp ()] - Pea(8) - (2.:22)
Vere(©) = Ver () - Per(8) = [Vemr (©) + Qemr (8) X (Dea(8) = Dewr (D)] - Pea(©) - (2.23)
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The tangential scalar components are justified only under the following condition
(NAGY etal., 2015).

Vern () = Vern(£) (2.24)

This indicates that the typical normal standard components of the femoral and tibia
contact velocities should be the same. Otherwise, there would be a collision or
separation of the two surfaces.

By combining scalar velocities over time, the length of the continuous arc concerning
the femur and tibia can be calculated as follows:

Stemur(t) = S Vere(B)dt = f[VCMF(t) + Qemr(t) X (ECI(t) - ECMF(t))] :
Pcydt (2.25)

Seivia(@®) = [ Vere(D)dt = f[VCMT(t) + Qcur(t) x (501(t) - ECMT(t))] - Pgydt (2.26)

The sliding scroll ratio can be entered back by specifying the arc lengths on both
connected bodies:

AStibia (£)-Aas emur. ®)
X() === IzstibiaNj;t) . (2.27)
ASfemurN @) = SfemurN ) - SfemurN—l(t) (228)
AStipian (£) = Stivian (£) — Stivian—1(t) (2.29)

These rates show the differences increasing with the longest connected arc. The sliding
rolling ratio is the difference between the distance travelled (AS;;p;qn) ON the tibia and
the additional distance travelled (ASfemqyrn) On the femur bone over the increased
distance travelled (AS;i»;qn) ON the tibia. N shows the arc length during the connection.
Thus, we can conclude accurate calculations about the sliding and gradient features of
motion. The sliding toll ratio that translates to zero means this is pure rolling. Regarding
a ratio between 0-1, the movement turns into partial rolling and sliding. Determining
the sliding roll ratio as a function of the bending angle is better than determining it as a
function of time. We will explain what we have done with this sliding rolling ratio.
First, the flexion angle (y) was derived, adding the femur and tibia’s angular velocities
around the X-axis, and was set to an initial degree of 20° of squatting.

Y(®) = [ Qcmrx - dt + [ Qcpry - dt + 20 (2.30)

By defining a function, the flexion angle can alter the time, and rolling can be plotted
in correlation with the flexion angle.
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_ AStipiaNn (V) =AS emurn (V)
X = AStibian (V) (2.31)

A case in point is the role of the menisci. It helps stabilize the knee by creating a cup
for the femur to sit in. The menisci also act as a shock absorber spreading compression
forces from the femur over a wider tibia area. However, there are still many things we
still don’t understand about the menisci. This is where MSC’s Adams comes in.

2.5. Summary of literature review evaluation

The proper handling of degenerative abrasion in the knee joint is currently one of the
essential orthopedic problems. The appropriate solution for this issue is to remove and
replace it with a prosthesis. Unfortunately, no perfect knee prosthesis is available to
replace the original knee because of the knee kinematics’ complexity. Results for the
kinematical design method of the knee prosthesis geometries by Balassa, 2019,
compared to the normal human knee(Balassa, 2019), shows that the basic principle of
their method was to move the two prosthetic components together according to the
objective function of flexion and rotation of the knee prosthesis. The results showed a
close match with the curve of the movement of the normal human knee. The test
machine for measuring the prosthesis by(Balassa, 2019), was created by the
Biomechanical Research Group of The Hungarian University of Agriculture
Engineering and Life Science. With this machine, they made many different sizes of
the prosthesis by using the 3D model of knee prosthesis. The developed prosthesis
model was produced by the CNC milling technology (Balassa, 2019).The test machine
is multipurpose, making it ideal for evaluating the knee prostheses. Its suitability for
different types of loads is also significant. Unfortunately, in using the method of
machine milling with 3D printing, designing and developing the knee prosthesis is time-
consuming, and a high cost is incurred. Since it is a try and error method, and there is
no predefined procedure, a significant quantity of knee prosthesis model material will
be lost with these measurements (Chui et al., 2020; Zhou et al., 2020). Fekete et al. used
the 3D computational model in the MSC.ADAMS software to examine the forces that
connect the surfaces of the femur, tibia, and the patella. They applied the equilibrium
equations by defining the forces relating to the femur, tibia, and the patella. In the end,
they obtained the force functions as inputs for the isometric motions. However, the
internal forces connecting the surfaces as a function for flexion were not investigated
(Fekete et al., 2011; Quinlan et al., 2020; Zeng et al., 2020). The application of the
MSC.ADAMS software for our study made use of the linear or non-linear ordinary
differential equations simultaneously with the non-linear differential algebraic
equations. To find a solution with these equations, an initial value is determined from
which the final trajectory would be determined (Fekete et al., 2011). Thus, the
appropriateness of using the ADAMS programme to design the knee prosthesis as a
faster, more efficient and accurate procedure without having to go through the several
tastings attempts to arrive at the appropriate design as done in the procedure by
(Balassa, 2019).
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2. LITERATURE REVIEW

This study aims to develop the numerical measurement of the knee prosthesis geometry
by applying the MSC.ADAMS program. The forces that relate to the femur, tibia, and
the patella would be investigated. The 3D CAD printing procedure will be applied to
create the initial knee prosthesis, and then the ADAM software used to model and
obtain the final product. The results would then be compared with the outcome from
the 3D CAD model and CNC milling process, and the prosthesis results from a test rig.
The proposed research is thus, to obtain the knee prosthesis by applying a more efficient
procedure devoid of material and time wastage and minimize cost.
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3. Material and methods
3.1. Femur

The femur is the longest bone in the body, and it alone constitutes the skeleton of the
thigh. Extends from the hip to the knee. It presents an oblique direction towards the
interior since the distance between the hips is more significant than between the knees.
To partially compensate for the approach of the two femurs to the body axis, the tibias
separate. The knee thus acquires the appearance of an angular joint outwards in the
valgus. (Fig. 3.1).

v General

Name Unnamed Pat ¢

Type Part
Vv Appearance

Color <Undefined > |:|

Opacity 100%
v Bounding Box @

Min corner (mm)  (-12.19,-29.51, -64.51)

Max comner (mm)  (53.01,42.16,-6.65)

Dimensions (mm) (6520, 71.66, 57.85)
v Validation

Volume (mm3) n/a

Surface area (mm?2) 1233138

Center of mass (mm)  (27.50,1.77,-29.51)
v Visualization

Triangles 219879

Custom

Fig. 3.1 Femur structure in Solidworks.

3.2. Patella

It is a flattened bone, rounded in appearance, or even oval, which extends downwards
through its apex or the lower pole. It has two areas (Fig. 3.2):

e Anterior face, convex, which serves as a reflection pulley for the quadriceps and
patellar tendons.

e Posterior surface. Oriented towards the joint's interior, it has two facets, internal
and external, which contact the corresponding femoral condyles, adapting its
concave shape to the convexity of the condyles.
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'w v General
Name Unnamed Part &
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Vv Bounding Box @
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Fig.3.2 Patella structure in Solidworks.

3.3. Tibia

The tibia presents a flat surface that cannot receive the convexity of the condyles of the
femur without the menisci which ensure articular congruence. These menisci provide
stability and absorb the axial and rotational mechanical stresses of the knee. Together
with the fibula, the tibia forms the skeleton of the leg. It supports the body weight and
transmits the lines of force from the ankle to the knee.
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Type Part
~ Appearance
Color <Undefined> [ |
Opacity 100%
Vv Bounding Box )
Min corner (mm)  (-0.39, -0.36,-0.39)
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Dimensions (mm)  (72.95,47.52,12.77)
v Validation
Volume (mm3)  24288.69
Surface area (mm2)  8229.36
Center of mass (mm)  (35.50, 24.23, 6.93)
v Visualization
Triangles 11138
Custom

Fig 3.3. Tibia structure in Solidworks.
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3.4. The movements of the knee

They are expressed above all in the profile plane (sagittal): flexion-extension, the
amplitude of which goes from 0 to 140° of flexion. In extension, however, very flexible
subjects called hyper axes can exceed 0° and go up to 15° of hyperextension, another
movement is possible: rotation. The tibia can rotate on its axis by 30 to 60° in external

rotation (mostly) and in internal rotation but only when the knee is in flexion.

Internal External
rotation rotation
A0° 10°
; S
Extension Flexion
Fig 3.4 Flexion movements from 0° to Fig 3.5 Rotation of the knee between -
120° 10° to 10°

3.4.1 Knee flexion

It requires the instantaneous combination of two movements: sliding rolling. Flexion
causes the condyles to roll on the tibial plateau. However, the unfolding of the condyles
is twice as long as that of the tibial plateaus. The succession of events takes place in
several phases: rolling from 10 to 15° of flexion then association of sliding with rolling
then at the end of the flexion only the sliding makes it possible to achieve the last
degrees of flexion in thin and flexible people (140 to 160 °).

3.4.2 Knee rotation

When the knee is flexed the posterior part of the condyles is in contact with the middle
portion of the glenoid. The massif of thorns is cleared of the indentation and therefore
unblocked. The rotation causes one condyle to advance and the other to retreat on the
tibial glenoid.

36
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3.5. Ligaments (springs)

We create the springs between the femur and tibia by using the part of patella to replace
the ligaments in the normal knee, so we add springs to fix the patella at the middle
between the femur and tibia.

Fig.3.6 Spring in ADAMS program
3.6. Machines
3.6.1. Machine for measurement of the knee prosthesis

The test machine for measuring the prosthesis was created by the Biomechanical
Research Group of MATE University (designed by Gabor Balassa). With this machine
(Fig 3.7), they made many different prosthesis sizes by using the 3D model of knee
prosthesis. The developed prosthesis model was produced by CNC milling technology.

The test machine is multipurpose, making it ideal for evaluating the knee pros-theses.
Its suitability for different types of loads is also significant.

Unfortunately, in using the method of machine milling with 3D printing, designing and
developing the knee prosthesis is time-consuming, and a high cost is incurred.
Furthermore, since it is a try and error method, and there is no predefined procedure, a
significant quantity of knee prosthesis model material will be lost with these
measurements.
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3. MATERIAL AND METHODS

Fig 3.7. Machine for measurement of the knee prosthesis

1: Tibia

2: Femur

3: Patella

4: Rotation sensor

5: T-section guide track (-10 ° -+ 120 ° flexion range).

6: Stepper motor and gear transmission.
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3. MATERIAL AND METHODS

3.6.2. A graph of Rotation against Flexion for the prosthesis developed with a test

machine.
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Fig 3.8 A graph of rotation against Flexion for the knee prosthesis was designed
by Balassa and tested with their machine compared with the regular movement of

the human knee (Balassa, 2019).
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Fig 3.9. A graph of Rotation against Flexion for the prosthesis was developed with a
test machine(Balassa, 2019).

These diagrams present a measurement of the test machine for the knee prosthesis
geometry movements, and it is a good method, but unfortunately with this method, we
will lose our time and money for creating the models and try it at the machine, that way
we will replace this method with the new method by using a new virtual model method.
Without losing money and time we can make the measurement of the knee prosthesis

80

100

geometry and the results better than the test machine.
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3.7. ADAMS Program

Adams is the most widely used multibody dynamics and motion analysis software in
the world. Adams helps engineers study the dynamics of moving parts, how loads and
forces are distributed throughout mechanical systems, and improve and optimize their
products' performance (Hroncova et al., 2014). Utilizing multibody dynamics solution
technology, Adams runs nonlinear dynamics in a fraction of the time required by FEA
(Finite Element Analysis) solutions. In addition, loads and forces computed by Adams
simulations improve the accuracy of FEA by providing a better assessment of how they
vary throughout a full range of motion and operating environments. We used the MSC.
Adams software environment to create a model (Fig. 4.1) for modelling and error
analysis of the gear transmission mechanism. The model consists of solid bodies, the
shaft is modelled by a geometric element "femur" "tibia" "patella” "springs” and the
spur gearing is imported from the 3D parametric modelling software.

3.8. The Virtual Multibody Model

The virtual multibody model was created by applying the following procedures

e The general point motion was used to stabilize the distal femur, where all the
coordinates are shown (Fig 3.10). This enables the distal femur to make a
transitional movement along the y-axis.

e The cylindrical joint model was used to restrict the knee part to allow rotation
around all axes (Fig 3.10). This enables the shin bone to conduct a natural
rotation.

e We only considered the patellar tendon and the rectus femur in the numerical-
kinematical model. Therefore, we create both of them as simple linear springs,
as shown in (Fig 3.10).

e According to the literature, the rectal femoral stiffness modulus was determined
between 25 and 100 N/mm, according to the literature (Frigo et al., 2010; Thelen
et al., 2005). As an average value, we set it to 80 N/mm. With the stabilization
factor set at 0.15 Ns/mm, for all the strings to prevent oscillations in the system,
the patellar tendon was set to inextensible (Fig 3.10).

e According to Coulomb's law, contact restrictions are established concerning
static and low dynamic friction coefficient (us = 0.1 pd = 0.085) between the
femur, tibia and patella, similarly to real joints (Fig 3.10). the kinetic
relationship between systemic forces, frictional forces (Fn, Fs), and flexion
angle is analyzed using this constraint.
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Contact
between
the
Femur
and Tibia

Fig 3.10. Our Multibody model in the MSC.ADAMS.

3.8.1 Femur axis

As we can see Fig 3.11, there are three main axis that apply to the movement of the
femur, it begins with the X axis, which is responsible for the movement of the knee in
a vertical direction, and this is what we call flexion of the knee prosthesis. And for the
Y axis is responsible for the movements of the knee in a horizontal direction, and this
is what we call rotation of the knee prosthesis, and for the axis Z is responsible for the
gravity of knee prosthesis.

Fig. 3.11 femur axis (X, Y, z)
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3.8.2 Tibia axis

As we can see Fig 3.12, there are three main axis that apply to the movement of the
Tibia, it begins with the Y axis, which is responsible for the movement of the knee in a
vertical direction, and this is what we call flexion of the knee prosthesis in a negative
direction compared to the Femur. And for the X axis is responsible for the movements
of the knee in a horizontal direction, and this is what we call rotation of the knee
prosthesis, and for the axis Z is responsible for the gravity of knee prosthesis.

Fig. 3.12 tibia axis (X, Y, z)

3.8.3 Patella axis

As we can see Fig 3.13, there are three main axis that apply to the movement of the
femur, it begins with the X axis, which is responsible for the gravity of the knee
prosthesis for the patella, and for the Y axis is responsible for the movement of the knee
prosthesis in a vertical direction, and this is what we call flexion of the knee prosthesis,
and for the X axis is responsible for the movement of the knee in horizontal direction,
and this is what we call rotation of the knee prosthesis.
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Fig.13. Patella axis (x, vy, z)

3.8.4 Cylindrical joint

Fig3.14 it shows us a joint of rotation in proportion to the knee prosthesis, so we make
it a cylinder to make it easier for us to move the femur and tibia in rotation side.

Fig 3.14 Cylindrical joint of the knee prosthesis in ADAMS program.
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3.8.5 Motion of the geometry

This Fig 3.15 shows us the main direction of movement for the knee prosthesis
geometry. And this described motion will allow us to correctly apply for our study to
the knee prosthesis geometry of the rotation and flexion and friction.

knee

Fig 3.15 Motion direction of the knee prosthesis
3.8.6 Friction

Fig 3.16 shows us the place of friction in the ration of the knee prosthesis geometry,
and it is applied to the knee bone, femur and tibia and patella. Because of this friction
resulting from the loads of weights and serious sprains.

Fig 3.16 friction of the knee prosthesis
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3.8.7 Principal components knee motion

As we note here Fig 3.17, the three most important things responsible for the
movements of the knee are explained to us, without friction there is no knee prosthesis
slip, and without a rotation joint there is no movement , and without a correct motion
direction there is no correct study of the knee prosthesis geometry.

Fig 3.17 cylindrical joint, frication and motion

3.9. Boundary conditions for the simulation

After the geometrical model is obtained, the MSC.ADAMS program was used to build
the multibody model. But, first, the following boundary conditions were applied to our
model (prosthesis geometry):

vV @ & T o {8~ = Tal

s - 2 —

P & 8 Zyz a [ Friction Name | FrRiIcTION_1
Flexible Bodies Construction ) Adams id I 1

Comments I

Joint Name |JOINT_3

Cylindrical Parameters

Mu Static [0.1

Mu Dynamic | 8.5E-02

Initial Overlap [4000

With Positive Joint Displacement

Overlap Will | Remain Constant j
Bending Factor I 01

Pin Radius I 10

Stiction Transition Velocity [ 0.1

Transition Velocity Coefficient I 11

Max Stiction Deformation I 0.1

Friction Force Preload I 80.0

Friction Torque Preload I 80.0

Max Friction Force I 80.0

Max Friction Torque I 80.0

Effect | Stiction and Sliding j

Input Forces to Friction
¥ Preload ¥ Reaction Force ¥ Bending Moment
Friction Inactive During
I~ Static Equilibrium
oK | Apply Cancel

Fig 3.18. Parameters for friction Multibody model
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3.10. Block diagram showing the applied steps of the multibody virtual
model created in the ADAMS software.

Knee Prosthesis Geometry

!

Creating Femur and Tibia in SolidWorks

¥

The obtained STL file is converted to IGS file and finally into the
PARASOLID format

Y

Multibody Modelling

!

ADAMS Program applied to collect femur and tibia to create the
virtual model

1

Undertake numerical testing for movement of the knee (Flexion
and Rotation)

Jr

Model enhanced in the application until the best results are
obtained

v

Validation of results with the output of the test machine

Fig 3.19. Block diagram showing the applied set
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4. RESULTS And Discussion
This section presents the results and the accompanying discussions for the study

4.1. The Virtual Multibody M1

The ADAMS programme could compute the forces directly. At first, we saved it as
PARASOLID, and we imported it into the MSC.ADAMS. The flexion angle was
derived by combining the femur and tibia's angular velocities about the x-axis. This was
done considering that the model was at 20° for the sliding and rolling at the start of the
movement. The angles were divided into three to tackle the three-dimensional
movement. The results are summarized in Fig. 4.1.

To be able to describe all the coordinates, we have restricted the distal femur by the
general point motion, as shown in Fig 4.1. The knee model was restricted by a
cylindrical joint, which allows the flexion process between a femur and tibia. Simple
linear springs are designed as the boundary between the rectus femur and the patellar
tendon as in (Frigo et al., 2010; Thelen et al., 2005).

According to Coulomb’s law, the contact limitations between the femur and the patella
tibia are established for low static and dynamic friction coefficients (us = 0.1 ud =
0.085), similar to human joints (Merkher et al., 2006). On the femur distal, a force
vector was created, as shown in Figure.4.1, and the value is set at 400 N. Whiles define
it by a step function (A, x0, h0, x1, hl).

Contact
between
the
Femur

and
Tibia

Fig 4.1. Our Multibody M1 in the MSC.ADAMS.
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4.1.1. Simulation of the multibody M1 in different range of rotation
4.1.1.1 Simulation of the multibody model M1 at the position of 25°.

The simulated model is shown in Fig 4.2. The graph of rotation against flexion is
illustrated in Fig. 4.3. It was noticed that the angle of rotation varies linearly with
respect to the flexion. It was observed that the sudden increase in the rotational angle
was offset by an increase in the angle of curvature. A sharp rise in the flexion angle till
25° was seen beyond the rotational angle of 20°. The maximum elevation of flexion
against the angle of rotation was found to be 25°.
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Fig 4.2: Multibody M1 at the position Fig 4.3: A Graph of Rotation Against
25°, Flexion at the position 25°.

4.1.1.2. Simulation of the multibody M1 at the position of 50°.

The simulated model and the graphical representation of the rotational angle with
flexion are depicted in Figs 4.4 and 4.5, respectively. It was observed that there was an
increase in the degree of rotation (virtual axis) from 0° to 9.5°, whereas the flexion
(horizontal axis) varies until 50°. Furthermore, the flexion angle's relative variation was
five times bigger than the rotational angle, which indicates that the onset of sliding
between the tibia and the femur in the knee occurs in the range of 20°-30° of flexion
angle, which conforms to the movement range of the normal human knee.
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Fig 4.4: Multibody M1 at the position Fig 4.5: A Graph of Rotation Against
50°. Flexion at the position 50°.

4.1.1.3. Simulation of the multibody M1 at the position of 100°.

The pictorial representations of the model at the angles of 0° and 100° of Flexion are
shown in Figs 4.6 and 4.7. The relationship between the angles of rotation and flexion
is illustrated in Fig 4.8. It is observed that the sudden increase in the rotational angle
was offset by an increase in the angle of curvature. A sharp rise in the flexion angle till
35° was seen beyond the rotational angle of 20°, which indicates the onset of sliding
between the tibia and the femur in the knee. Similarly, the flexion angle in the range of
20°-30° originates the joint prone to rolling. In contrast, the rotational angle's stability
for the flexion angle lies in the range of 30° to 110°. The increasing flexion angle
indicates that the tendency of sliding is predominant.
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Fig 4.6: Multibody M1 at the position Fig4.7: Multibody M1 at the position
0° 100°.
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Fig 4.8. A graph of rotation against flexion of our virtual M1.
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4.1.2. Experimental measurement result for test machine of The Hungarian University
of Agriculture Engineering and Life Science.

The result shown in Fig 4.8 is essential as it is the bases for our numerical
experimentation. The Hungarian University of Agriculture Engineering and Life
Science research team developed several pros-thesis design methods initiated by
(Balassa, 2019) by using the test machine they developed, as shown in Fig 3.7. It was
mentioned by (Balassa, 2019) that the presented results (Figs 3.8 and 3.9) in his study
was actually the best with respect to the closeness to the natural knee movement.

4.1.3.. Comparing the results of the current study of the numerical measurement
method and the experimental measurement result for the Hungarian University of
Agriculture Engineering and Life Science test machine.

In order to validate the results from the numerical studies, we compared our virtual
numerical model with the prostheses joints that have been tested using with the test
machine in the Hungarian University of agriculture engineering and life science. The
average values are plotted together against the virtual numerical model, as shown in Fig
4.9. The close similarity between the two curves indicates that this virtual model can
replace the measurement by the test machine of the Hungarian University of
Agriculture Engineering and Life Science. It was also found that there was a rise in the
angle of rotation as the flexion angle varied from 0° to 30°. Thus, a good agreement of
value obtained from our model with other prosthetic joints is established in the flexion
range of 30° to 110°. We noticed there are the close results between the proposed model
and other prostheses. In this case, we were able to create a new model that enables us
to make multiple measurements of a new model. As a result, we can change the
materials made of artificial joints, more accessible, and obtain faster results without
many calculations.

Table 2. Comparison between the virtual model procedure and the test machine.

Virtual model Test machine
It saves time and material Time-consuming and involves wastage
of material.
It saves money because it is objectively High cost incurred because it is a
focused procedure of try and error
The Lack of transition in flection and This process cannot be applied with a
rotation is used to simplify the geometry | test machine hence the inefficiency of
and diversity in motion, allowing our the procedure.
new virtual model to be more realistic.
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Fig 4.9. Verification results of our virtual M1 with the prosthesis developed with a
test machine.

For calculate the error rate between the prosthesis measuermnt for the test machine
and the multibody model (M1)Fig 4.10:
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Fig 4.10 Normalized error between Balassa results and the Multibody model

As we can see (Fig4.10) the deferent between the measurements of the knee prosthesis
for Balassa and numerical results of virtual model (M1) presented by(fz — fu1)A@.

Calculate the error rate:

D fmi1—fB 2
A= (O] _ oo = 0,072 = 7,.2% 4.1)

® " 106,02
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That is mean the error rate between the original multibody model and measurement of
the knee prosthesis for Balassa: 7, 2%.
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Fig 4.11 Verification results of our new virtual model with Balassa results and
comparing with the human knee measurements.

For calculate the error rate between the prosthesis measuermnt for the human knee
and the multibody model (M1)Fig 4.12:
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Fig.4.12 Normalized error between the average of the human knee and multibody
model
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As we can see the deferent between the human knee average and numerical results of
virtual model (M1) presented by(fy1 — fu)A@.

Calculate the error rate:

ey

f
M1 _ V687,18 = 0,2472 = 24,72% (4.2)
@ 106,02

That is mean the error rate between the original multibody model M1 and measurement
of the human knee: 24, 72%.

4.2. The Virtual Multibody M2

In this part of study we change the geometry of the model M1 with new geometry to
create new model M2, so we change the cylindrical joint with spherical joint, trying to
get deferent results maybe it will be better.

ligaments

Contact
between
the
Femur
and
Tibia

Fig 4.13. Our multibody M2 in the MSC.ADAMS.

After simulated model (M2) is shown in Fig 4.13. The graph of rotation against flexion
is illustrated in Fig. 4.14. It was noticed that the angle of rotation varies linearly with
respect to the flexion. It was observed that the sudden increase in the rotational angle
was offset by an increase in the angle of curvature. A sharp rise in the flexion angle till
120° was seen beyond the rotational angle of 9°. The maximum elevation of flexion
against the angle of rotation was found to be 120°.
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Fig 4.14. A graph of rotation against flexion of our virtual M2.

In order to validate the results from the numerical studies, we compared our virtual
numerical model (M2) with the prostheses joints that have been tested using with the
test machine in the Hungarian University of agriculture engineering and life science.
The average values are plotted together against the virtual numerical model, as shown
in Fig 4.15. The close similarity between the two curves indicates that this virtual model
can replace the measurement by the test machine of the Hungarian University of
Agriculture Engineering and Life Science.
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Fig 4.15. Verification results of our virtual M2 with the prosthesis developed with a
test machine.
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So after comparing the new model (M2) we have to find the error rate between the
between the average of the test machine results and multibody model M2
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Fig.4.16 Normalized error between the average of the test machine results and
multibody model M2.

As we can see (Fig4.16) the deferent between the measurements of the knee prosthesis
for test machine and numerical results of virtual model (M2) presented by (fy, —

fz)A@.
Calculate the error rate:
fm2-/B
2[( s ) ‘p] V35978

A= = ® = 0,0557 = 5,57% (4.1)

® 106,02

That is mean the error rate between the original multibody model (M2) and
measurement of the knee prosthesis for test machine: 5, 57 %.

Table2: Comparing between the cylindrical joint and spherical joint

Error rate comparing with measurement of the knee
prosthesis for test machine (Balassa)
Using cylindrical joint 7,2%

Using spherical joint 557%

As we can see the different between the joints (geometry of the model) results and the
measurements of the knee prosthesis for the test machine, that show us the best joint
can give us the less error rate to be more close to the test machine in this study.so we
will say that the best joint to make the best version of the multibody model it is spherical
joint.
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4.3 Developing the kinematic motion of Multibody model M2 for the knee prosthesis
geometry

ADAMS Software is the most widely used multibody dynamics and motion analysis
software in the world. Adams helps engineers study the dynamics of moving parts, how
loads and forces are distributed throughout mechanical systems, and improve and
optimize their products' performance (Fig 4.19).

Femur [ 0° & 5°]
Tibia [ 0° ]

Quadriceps [ 0° &
10°]

Femur [ 0° ]
Tibia [ 0° & 10°]

Quadriceps [ 0° &
10°]

Femur [ 0° ]
Tibia [ 0° ]

Quadriceps [ 0° &
10°]

Fig 4.19 This diagram shows the specific movement measurements of our model, for
the rotation degree of the femur and tibia and quadriceps.
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4. RESULTS AND DISCUSSION

Table 3: Position 1 of the multibody model in the first measurement.

The femur curse Tibia leans back Quadriceps
5° 0° 10°

To validate the results from the numerical studies, we compared our virtual numerical
model specifically for rotation of the femur and Tibia with the prosthesis joint that has
been tested using the test machine at MATE University (Csizmadia, 2017)(can you cite
the work done on the test machine at MATE University). The average values were
plotted together against the virtual numerical model, as shown in Fig 4.19. The close
similarity between the two curves indicates that this virtual model can replace the
measurement with the MATE University test machine with a more appropriate way
without cost and several measurements. It was also found that the rotation angle was
increased as the flexion angle varied from 0° to 110°. And this study was under the
following conditions with quadriceps at 10°, and femur curse at 5° and while Tibia
leans back at the 0°.We noticed there are similar results between the proposed model
and other prostheses. In this case, our new model has been created that enables us to
make multiple measurements of a knee prosthesis. As a result, we can change the angles
of artificial joints, make them more accessible, and obtain faster results without many
calculations.

8 /
S,
6
= /
el 5
S / Avreage
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-'5' 3 nts of knee
o / prosthesis
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o0 results of
20 40 60 80 100 virtual
1 model
Flexion [°]

Fig. 4.20 Prosthesis measurement at the postion 1 for the test machine and
measurement of the multibody model.
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For calculate the error rate between the prosthesis measuermnt at the postion 1 for the
test machine and the multibody model (M1)Fig 4.21:

fMl

6 (fpr=Sm) 0

Rotation [°]

— 1@

0 20 40 60 80 100

Ao N Flexion [°]

Fig.4.21 Normalized error between Balassa results and multibody model.

As we can see Fig 4.21 the deferent between the measurements of the knee prosthesis
for test machine and numerical results of virtual model in position 1 presented

by(fs1 — fu1)de.

Calculate the error rate:

\]Z[(fs}—fM1>A(p]2
A= 51 = YI751%8 11248 = 12,48% (4.3)
@ 106,02

That is mean the error rate between the original multibody model and measurement of
the measurements of the knee prosthesis for test machine: 12, 48%.

Table 4: Position 2 of the Multibody model in the second measurement

The femur curse Tibia leans back Quadriceps
5° 10° 3°

To validate the results from the numerical studies, we compared our virtual numerical
model specifically for rotation of the femur and Tibia with the prosthesis joint that has
been tested using the test machine at MATE University, The average values are plotted
together against the virtual numerical model, as shown in Fig 4.22. The close similarity
between the two curves indicates that this virtual model can replace the measurement
with the MATE University test machine. It was also found that the rotation angle
decreased marginally as the flexion angle varied from 0° to 15°and after the 20° we
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4. RESULTS AND DISCUSSION

noticed a significant increase for rotation until 110°. And it was this study with
quadriceps 3°, and femur curse degree at 5° and 10° for Tibia leans back.

Similar results have been noticed between the proposed model and other prostheses
(Csizmadia, 2017). In this case, our new model has been created that enables us to make
multiple measurements of a knee prosthesis geometry (Kheireddine and Oldal, 2021).
As a result, we can change the angles of artificial joints, make them more accessible,
and obtain faster results without many calculations.

7

Femur kirot. o =0°
'Tibia hdtrahajl. B-=0°
Quadriceps y—=3°

6

Average measurements of knee
prosthesis for Balassa

Rotation []

Numerical results of virtual

1 / model
0]

20 40 60 80 100

Flexion [°]

Fig. 4.22 Prosthesis measurement 2 for test machine results and measurement of the
multibody model.

For calculate the error rate between the prosthesis measuermnt at the postion 2 for the
test machine and the multibody model (M2)Fig 4.23:

f =
1=
fuz
5
4
T - =
= Y (Fp2 — fu2)Ag
c=° 2
i
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-1 Pa— (p

—
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Fig.4.23 Normalized error for the test machine results and multibody model at the 2
position.

As we can see Fig 4.23 the deferent between the measurements of the knee prosthesis
for test machine and numerical results of virtual model in position 2 presented

by(fs2 — fuz)Ae.
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Calculate the error rate:

¥ fB2-SM2 A 2
A=j (7 = Y2751 — 0609 = 6,09% (4.4)

) 106,02

That is mean the error rate between the original multibody model and measurement of
the human knee: 6, 09 %.

Table 5: Position 3 of the Multibody model in the third measurement

The femur curse Tibia leans back Quadriceps
5° 10° 7°

It was also found that the rotation angle was stable as the flexion angle varied from 0°
to 25°. Thus, our model's close agreement with other prosthetic joints is established in
the flexion range of 25° to 110°. And it was this study with quadriceps 7° and femur
cruse at 5° and 10° for tibia leans back (Fig 4.19).We noticed the same results between
the proposed model and other prostheses. In this case, our new model has been created
that enables us to make multiple measurements of a new model. As a result, we can
change the angles of artificial joints, make them more accessible, and obtain faster
results without many calculations Fig 4.24.
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Fig 4.24 Prosthesis measurement 3 for the test machine and measurement of the
multibody model.
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For calculate the error rate between the prosthesis measuermnt at the postion 3 for the
test machine and the multibody model (M2)Fig 4.25:

f 8
7
6 fMS
5
B (fes — fuz)Ae
&
2
. —+—>f530¢
0
Q 20 40 &0 80 100
-1
— ~e—
A(p Flexion [°] ¢

Fig.4.25 Normalized error between the test machine results and multibody model
results at the 3 position.

As we can see Fig 4.25 the deferent between the measurements of the knee prosthesis
for test machine and numerical results of virtual model in position 3 presented

by(fs3 — fuz)de.

Calculate the error rate:

\/Z[(fB?_fMB’)A(P]Z
A= ik = Vo118 _ ,0823 = 8,23% (4.5)
) 106,02

That is mean the error rate between the original multibody model and measurement of
the test machine results: 8, 23 %.

Table 6: Position 4 of the multibody model in the fourth measurement

The femur curse Tibia leans back Quadriceps
0° 0° 3°

It was also found that the rotation angle was significantly increased as the flexion angle
varied from 0° to 17°. After that, we noticed some vibrations between 17° to 40°, and
after 40°, we saw a decrease in rotation until 70° of flexion. Then, after 70° to 85°,
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4. RESULTS AND DISCUSSION

rotation increases, and after 85° of flexion, we noticed that decrease again for rotation
(Fig 4.26).

This part of the study was about making rotation for multibody model like Balassa did
that with his test machine at MATE university we did the same study to compare our
model with his results and has been determined multibody model range between 25° to
110° this for the flexion and for the rotation of the femur and tibia it was at 0° and it
was this study as well under terms of quadriceps at 3°. Thus, our model's close
agreement with other prosthetic joints was established in the flexion range of 25° to
110° with quadriceps fixed at 3°, femur curse at 0° and the Tibia leans back also at 0°.

Femur kirot. «=0°
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0.2 + / model
4]

-0.2

Rotation [°]

20 40 60 80 100

Flexion [°]

Fig 4.26 Prosthesis measurement 4 for the test machine results and measurement of
the multibody model at the 4 postion.

For calculate the error rate between the prosthesis measuermnt at the postion 4 for the
test machine and the multibody model (M2)Fig 4.27:

f 1.8
1.6
fM4
1.4
1.2 2 :
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= [~ —
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Fig.4.27 Normalized error between the test machine results and the multibody model
results at the 4 position.
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As we can see Fig4.27 the deferent between the measurements of the knee prosthesis
for the test machine results and numerical results of virtual model in position 4

presented by (fps — fua)Ag.

Calculate the error rate:

\]Z[(fB‘}_fM4)A(p]Z
A B4 _ V312726 _ 0,1666 = 16,66% (4.6)

) 106,02

That is mean the error rate between the original multibody model and measurement of
the test machine results: 16, 66 %.

Table 7: Position 5 of the multibody model in the fifth measurement

The femur curse Tibia leans back Quadriceps
0° 0° 70

It was also noticed that there was a rise in the rotation angle as the flexion angle varied
from 0° to 20°. And this study was under the following conditions: quadriceps at 7°,
femur curse was at 0 degrees and tibia leans back was at 0°.In the final case of the study,
we noticed there was a significant increase of the rotation for the multibody model at
the beginning and we saw that in the Test machine measurement as well. Our results
were at 7° of quadriceps while fixing the femur curse at 0° and the tibia leans back at
0°. But with high degree of quadriceps while fixing the femur and tibia at 0°, as can be
seen in (Fig 4.19), there were different results for the multibody model and test machine
in this case, so we can say our multibody dos not work well if we fix the femur and
tibia while we put the quadriceps at 7° (Fig 4.28).
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Fig 4.28 Prosthesis measurement 5 for the test machine results and measurement of
the multibody model.
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For calculate the error rate between the prosthesis measuermnt at the postion 5 for the
test machine and the multibody model (M2)Fig 4.29:

f 3s
3 _ fMS
. _[pote
E 2 / - Tl
5 .. H (fBs — fus)Ae
T
ﬁﬂo 1 JJ
——  fpslo
0.5
0
0 20 40 60 80 100
05
Ag  Flexion [°] ¢

Fig.4.29 Normalized error between the test machine results and the multibody model
results at the 5 position.

As we can see Fig4.29 the deferent between the measurements of the knee prosthesis
for test machine results and numerical results of virtual model in position 5 presented

by(fss — fus)Ae.

Calculate the error rate:

JZ[(fB;_fMS)A(p]Z
A= Bs5 _ V455,789 =0,2013 = 20,13% (4.6)
@ 106,02

That is mean the error rate between the original multibody model and measurement of
the test machine results: 20, 13 %.

In this case the error is big, so we can say that our model has limit in the case of (Femur
=0°, and Tibia = 0°, Quadriceps =7°) do not working like the test machine.
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Table 7 Errors of the multibody model at different positions.

Position Position of the model Error A
-Femur curse =5°
1 -Tibia Leans Back = 0° 12,48% Good

-Quadriceps = 10°
-Femur curse = 5°
2 -Tibia Leans Back = 10° 6,09% Good
-Quadriceps = 3°

-Femur curse = 5°
3 -Tibia Leans Back = 10° 8,23% Good
-Quadriceps = 7°

-Femur curse =0°
4 -Tibia Leans Back = 0° 16,66% Acceptable
-Quadriceps = 3°

-Femur curse = (° Not

acceptable
5 -Tibia Leans Back = 0° 20,13%

-Quadriceps = 7°

The error less than 10% we can say that it is very good results can be close to test
machine results, and if the error between the 10% and 20% we can say that it is
acceptable, but if the error more than 20% that results is not good because of the
different results between the test machine and the multibody model so big.

So we conclude form that table our multibody model can work like the test machine
with less error at 4 position as showed in the table 7, but there are one case shown us
big number of error between the test machine and our multibody model at the position
number 5. When we put the femur at 0° and tibia at 0° as well and quadriceps at 7° do
not work like the test machine, and given us big error.

10

MBM Positionl — —
Test machineP1 ——

MBM Position 2
Test machine P 2

MBM Position3 — —
Test machineP3 ——

MBM Position 4
Test machine P 4
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Test machineP5 ——
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Fig 4.30 Verification results of our virtual model with the prosthesis developed with
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4. RESULTS AND DISCUSSION

a test machine by making several prosthesis measurements.

To validate the results from the numerical studies, we compared our virtual numerical
model specifically for rotation of the femur and Tibia with the prosthesis joint that has
been tested using the test machine at MATE University in different positions. We
noticed there is a slight difference in the error rate between the test machine results and
our multibody model in first 4 specific position, but there is one case do not work
perfectly as the test machine table7. In this case, we validate the new model that enables
us to make multiple measurements of a rotation of the knee. As a result of test machine
with slight error rate, and we can change the materials made of artificial joints, more

accessible, and obtain faster results without many calculations.

4.4 Developing the new prosthesis geometry
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Fig.4.31 The previous femur for the
original multibody model

Fig.4.32 The new femur for the new
multibody model

With using Solidworks we made some changing at the femur structure Figs 4.31 and
4.32, with these modification we let the femur moving more effected, and some changes

in length width and thickness.
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Fig.4.33 Femur of the original multibody model
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Fig.4.34 Femur of the new multibody model

Femur femoral size for original
multibody model

Femur femoral size for new
multibody model
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Fig.4.35 Femoral size for the femur

Table 8: Size specifications of the femoral component of total knee replacement.

Femoral size A B C D G
Femur of the original 71,13mm | 72,13mm | 58,3mm | 28,92mm | 28,02mm
multibody model

Femur of the new 87,07mm | 78,8mm | 61,2mm | 36,2mm | 29,51mm
multibody model

As we can see the table presented the specifications femoral size that have been changed
Fig4.35, so we change the width A to 87,07mm and the length C to 61,2 mm and
thickness D to 36,2mm. With these changing at the Table 8 we got the new Multibody
model Fig 4.36.
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ligaments
Contact
between
the
Femur
and
Tibia

General
Motion

Fig 4.36. Our new multibody model in the MSC.ADAMS.

4.4.1. Boundary conditions for the simulation

After the geometrical model was obtained, the MSC ADAMS program was used to
build the multibody model. First, the following boundary conditions were applied to
our model (prosthesis geometry):
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[A4] Modify Friction ...

Friction Name | FRICTION_|
Adams Id |2
Comments |

Joint Name | JOINT_9

Spherical Parameters

Mu Static [0.1
Mu Dynamic | 8.5E-02
Ball Radius [10

Stiction Transition Velocity |0,1

Transition Velocity Coefficient [1_5

Max Stiction Deformation | 1.0E-02

Friction Torque Preload | 00

Max Friction Torque |

Effect ISticlion and Sliding
Input Forces to Friction
WV Preload ¥ Reaction Force

Friction Inactive During
I Static Equilibrium

Fig 4.37. Parameters for friction multibody model.

4.4.2. Simulation of the multibody model in different positions
4.4.2.1. Simulation of the Multibody model at the position of 25 °.

The simulated model is shown in Fig 4.38. The graph of rotation against flexion is
illustrated in Fig. 4.39. It was noticed that the angle of rotation varies linearly
concerning the flexion. It was observed that the sudden increase in the rotational angle
was offset by an increase in the angle of curvature. A sharp rise in the flexion angle till
25° was seen beyond the rotational angle of 20°. The maximum elevation of flexion
against the angle of rotation was found to be 25°.
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Fig 4.38: Multibody model at the Fig 4.39: A graph of rotation against
position 25 °. flexion at the position 25 °.

4.4.2.2. Simulation of the Multibody model at the position of 50 °.

The simulated model and the graphical representation of the rotational angle with
flexion are depicted in Figs 4.40 and 4.41, respectively. It was observed that there was
an increase in the degree of rotation (virtual axis) from 0° to 9.5°, whereas the flexion
(horizontal axis) varies until 50°. Furthermore, the flexion angle's relative variation was
five times bigger than the rotational angle, which indicates that the onset of sliding
between the tibia and the femur in the knee occurs in the range of 20°-30° of flexion
angle, which conforms to the movement range of the normal human knee.

12
Contact
between the g
Femur and 10

Rotation (°)

FLEXION (°)
Fig 4.40: Multibody model at the Fig 4.41: A graph of rotation against
position 50 °. flexion at the position 50 °.
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4.4.2.3. Simulation of the multibody model at the position of 100 °©

The pictorial representations of the model at the angles of 0° and 100° of flexion are
shown in Figs 4.42 and 4.43. The relationship between the angles of rotation and flexion
is illustrated in Fig 4.44. It is observed that the sudden increase in the rotational angle
was offset by an increase in the angle of curvature. A sharp rise in the flexion angle till
35° was seen beyond the rotational angle of 20°, which indicates the onset of sliding
between the tibia and the femur in the knee. Similarly, the flexion angle in the range of
20°-30° originates the joint prone to rolling. In contrast, the rotational angle's stability
for the flexion angle lies in the range of 30° to 110°. The increasing flexion angle

Contact
between Contact
the between the
Femur Femur and

and Tibia

1
ligaments

Fig 4.42: Multibody model at the Fig 4.43: Multibody model at the
position 0 °. position 110 °.
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Fig 4.44. A graph of rotation against flexion of our virtual model.
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4.4.3. Comparing the current study results of the new prosthesis geometry with a
previous results from my previous multibody model M2.

To validate the results from the numerical studies, we compared our virtual numerical
model with the prostheses joints that have been tested using the test machine in MATE
University. The average values are plotted together against the virtual numerical model,
as shown in Fig 4.45. The close similarity between the two curves indicates that this
virtual model can replace the measurement with the MATE University test machine.

It was also found that there was a rise in the rotation angle as the flexion angle varied
from 0° to 30°. Thus, our model's good value agreement with other prosthetic joints is
established in the flexion range of 30° to 110°.

We noticed there are the same results between the proposed model and other prostheses.
In this case, we created a new model that enables us to make multiple measurements of
a new model. As a result, we can change the materials made of artificial joints, more
accessible, and obtain faster results without many calculations.
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Fig 4.45. Comparing results of our virtual new model with our previous virtual model.
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For calculate the error rate between the human knee measurements and the numerical
results of the original model (M2)Fig 4.46:
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Fig.4.46 Normalized error between the human knee measurements and the original
model.

As we can see Fig 4.46 the deferent between the numerical measurements of the original
multibody model and the human knee measurements presented by(f, — fy)Ae.

Calculate the error rate:

[ —
A= — V1085547 _ (3106 = 31,06% (4.7
) 106,02

That is mean the error rate between the original multibody model and the human knee
measurements: 31, 06 %.
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Comparing our new prosthesis model with human knee results, as shown in Fig 4.47,
we noticed that still there are big different to reach the best results can allowed us to
say that we got good results to be more close to the range of the human knee
measurements,
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14 Mumerical result of the new
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I -—
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Fig.4.47 Normalized error between the new multibody model and a human knee

As we can see Fig 4.47 the deferent between the measurements of the human knee and
numerical measurements of the new multibody model presented by(fy — fu)Ae.

Calculate the error rate:
fN—fH
2[( N )‘P] \/m

A= . = = =0,2107 = 21,07% (4.8)

That is mean the error rate between the measurements of the human knee and numerical
measurements of the new multibody model: 21, 07 %.

At the end of this part of study, we will say that our new prosthesis geometry is good
enough and show us can reach good results better than the original knee prosthesis
model.
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Fig 4.48. Comparing results of our new virtual model with the previous virtual model
M2 and with the human knee measurements.

In the end, to validate the results from the numerical studies, we compared our original
virtual numerical model with new virtual model with the prostheses joints that have
been tested using the test machine in the MATE University. The average values are
plotted against the virtual numerical models (new and original geometry), as shown in
Fig 4.48. It was also found that there was a rise in the rotation angle as the flexion angle
varied from 0° to 30°. Thus, our models (new and previous) are good value agreement
with other prosthetic joints is established in the flexion range of 30° to 110°.

We noticed the same results between the proposed models (new and original) and other
prostheses. In this case, we created new models (new and original) that enable us to
make multiple measurements of new models. As a result, we can change the materials
made of artificial joints, more accessible, and obtain faster results without many
calculations. And without cost, we can make several measurements for a person's knee
size to be repaired.
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5. NEW SCIENTIFIC RESULTS
1. New multibody model and numerical method for knee prosthesis

| have been create the new multibody model of the knee prosthesis geometry by
using MSC.ADAMS program, the ADAMS programmer could compute the forces
directly. At first, we saved it as PARASOLID, and we imported it into the
MSC.ADAMS. The flexion angle was derived by combining the femur and tibia's
angular velocities about the x-axis. This was done considering that the model was
at 20 degrees for the sliding and rolling at the start of the movement. The angles
were divided into three to tackle the three-dimensional movement. To be able to
describe all the coordinates, we have restricted the distal femur by the general point
motion, as shown in the results. The knee model was restricted by a cylindrical joint,
which allows the flexion process between a femur and tibia. Simple linear springs
are designed as the boundary between the rectus femur and the patellar tendon. With
this model | developed the numerical measurement if the knee prosthesis geometry
which fulfils the mechanical requirements of the human knee. The MSC.ADAMS
programmer was applied to demonstrate the movement of the human knee joint in
terms of rotation and flexion.

2. Limits of the kinematic motion of multibody model for the knee prosthesis
geometry

| developed the kinematic motion of multibody model for the knee prosthesis
geometry and this part of the study was about making rotation for Multibody
model like Balassa did that with his test machine at MATE university we did the
same study to compare our model with his results and has been determined
Multibody model range between 25° to 110° this for the flexion and for the
rotation of the femur and tibia it was at 0 degrees and it was this study as well
under terms of quadriceps at 3°.Thus, our model's close agreement with other
prosthetic joints was established in the flexion range of 25° to 110° with
quadriceps fixed at 3 degrees, femur curse at 0 degrees and the Tibia leans back
also at 0 degrees.

3. New knee prosthesis geometry

| developed the new multibody model of the knee prosthesis geometry and |
developed the new numerical measurement and | got the good result better than
the previous one so with these results we can replace the previous model with new
model, and the results was close to the normal human knee, so the new model can
be the best solution to use the numerical measurement of the knee prosthesis
geometry, and using the new Multibody model for the new prosthesis with better
results and better than the previous model and the test machine method.
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6. CONCLUSIONS AND SUGGESTIONS

The MSC.ADAMS programme was applied to determine the human knee joint's
movement in terms of rotation and Flexion. The relationship between these two
processes was also described. The changes that occur between the condyles of the
developed multibody of the prosthesis are also investigated concerning the flexion
angle ranging from 20 to 120 degrees. The boundary conditions were determined, and
simulations were performed using the ADAM's programme. Three-dimensional
geometry was applied in the new virtual model, taking into account the influence of the
condyles and collateral. The multibody modelling was used to measure the degree of
Flexion and rotation of the knee concerning its position, like extension or Flexion or
rotation, as well as inserting a spring between the tibia and femur while observing its
effects on the performance of the knee. A slip ration which is higher than 0.45, as was
the limit in literature, was achieved. Applying our model, an average value of 0.7 was
reached with the maximum getting up to 0.79, and also obtaining an angle between
110° and 120° for the flexion angle. The generated virtual model was used to measure
the knee pros-thesis size before its creation. This virtual model could be used to measure
the knee prosthesis size before creating it because it saves time, money, and effort
instead of using 3D printing technology, and CNC milling consumes our time, money
and effort.

At the end we have to compare all the results together between 2 models that have been
created by ADAMS program and the test machine measurements and the human knee
average Fig 6.1.

18 Numerical
16 measurements of the

new prosthesis

14
The human Knee

12 measurements

)

Numerical
measurements of the M2

[e]

Average measurements
of knee prosthesis for
the test machine

ROTATION (°
S

N

FLEXION (°)

Fig 6.1. Verification results of our new virtual model with the previous virtual model
comparing with the human knee measurements and the test machine results.
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As we can see there are 2 types of our multibody model for the knee prosthesis geometry
comparing with the human knee measurements and the average measurements of knee
prosthesis for Balassa,

To know exactly how much different between the lines we will applied the integral
equation :

2[(f0f0f1) (p]
A= (6.1)

@
e Comparing between the numerical results of original multibody model and the
human knee prosthesis measurements:

fo-fH
I SR
@ 106,02
That is mean the error rate between the original multibody model and the human

knee measurements: 31, 06 %.

= 0,3106 = 31,06% (6.2)

e Comparing between the human knee prosthesis results with the new multibody
model error rate:

OR8] s
® 106,02

=0,2107 = 21,07% (6.3)

That is mean the error rate between the measurements of the human knee and numerical
measurements of the new multibody model: 21, 07 %.

e Comparing between the original multibody model(M1) and measurement of the
knee prosthesis for Balassa:

Z[(fMl fB)A(p]z \/58_2
® ~ 106,02

= 0,072 = 7,2% (6.4)

That is mean the error rate between the original multibody model and measurement of
the knee prosthesis for Balassa: 7, 2%.

e Comparing between the multibody model(M2) and measurement of the knee
prosthesis for Balassa:

> fm2—-fB
A= (752l = VI8 _ 0557 = 5,579, (6.5)

® 106,02

That is mean the error rate between the original multibody model (M2) and
measurement of the knee prosthesis for test machine: 5, 57 %.
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So at the end we will say that with this rate of error between the original model with
test machine we can the original model can replace the test machine with just 5,57%
of error rate but with faster results and without cost, and we can make several
measurements for a person's knee size to be repaired.

It can be said that the application of the multibody model saves time as there is no
involvement of the tibia and femur, as needed for the knee prosthesis. More
importantly, as the application of the test machine is omitted in our process, our model's
approximations to a human knee are carried out directly. Thus, we can make several
measurements for a person's knee size to be repaired without cost and we develop
another knee prosthesis in ADAMS program by changing the femur as mentioned Figs
4.31, 4.35, and we got new results that can be better than the original model for the
rotation part of the movements of the knee prosthesis.

In future work, we will try to create an Ankle virtual model in order to get a new virtual
model for the complete human leg with the knee and ankle and all required movements.
Furthermore, analysis of the anatomical angles such as the different rotations as human
full legs, abduction, and adduction will be conducted.
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7. SUMMARY
IMPROVEMENT OF KNEE PROSTHESIS GEOMETRY

In summary, the human knee joint usually suffers progressive deterioration with time.
The conventional cure of this issue is to replace it with an alternate knee by applying
the prosthesis implant. The reason is that the process causes the abrasion of the different
materials rather than just sliding or rolling. This study aims to develop the numerical
measurement of the knee prosthesis’s geometry, which fulfils the mechanical
requirements of the human knee. The MSC.ADAMS programme was applied to
demonstrate the movement of the human knee joint in terms of rotation and flexion.
The changes between the condyles of the developed multibody of the prosthesis related
to the flexion angle ranging from 20-120° were investigated and presented The
boundary conditions were determined, and simulations performed using the ADAM’s
programme. An average value of 0.7 was reached for the slip ration, with the maximum
getting up to 0.79. An angle between 110-120° for the flexion angle was obtained.
Three-dimensional geometry was applied in the new virtual model, taking into account
the influence of the condyles and collateral. The multibody modelling was used to
measure the degree of flexion and rotation of the knee concerning its position, like
extension, flexion or rotation, and insert a spring between the tibia and femur while
observing its effects on the performance of the knee.

It can be said that the application of the multibody model saves time as there is no
involvement of the tibia and femur, as needed for the knee prosthesis. More
importantly, as the application of the test machine is omitted in our process, our model’s
approximations to a human knee are carried out directly. Without cost, we can make
several measurements for a person’s knee size to be repaired.

A slip ration, which is higher than 0.45, was achieved as was the limit in literature.
Applying our model, an average value of 0.7 was reached, with the maximum reaching
up to 0.79 and obtaining an angle between 110-120° for the flexion angle. The
generated virtual model was used to measure the knee prosthesis size before its creation.

Finally, this virtual model could be used to measure the knee prosthesis size before
creating it because it saves time, money, and effort instead of using 3D printing
technology, and CNC milling consumes our time, money, and effort. So we can say that
The multibody model method measurement created can replace the test machine for
doing measurement of the prosthesis. Therefore it can serve as a basis for further
scientific research. We proved in our method that the factors of the knee prosthesis have
a significant influencing effect on the resulting joint kinematics. The ranges
recommended by specialists for each prosthesis parameter were confirmed by
measurements.
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7. OSSZEFOGLALAS (SUMMARY IN HUNGARIAN)

TERDPROTEZIS GEOMETRIA JAVITASA

Osszefoglalva, az emberi térdiziilet altalaban idével fokozatosan romlik. Ennek a
problémanak a hagyomanyos gydégymddja az, hogy protézis implantatumot
alkalmazunk. Ennek egyik problémaja lehet, hogy a nem megfeleld geometria miatt a
hasznalat kdzben a cstszva gordiilésre tervezett a protézis anyag tovabbi igénybevételt
kap, ami kopast, kilazulast okozhat. A tanulmany célja a térdprotézis geometridjanak
numerikus mérésének kidolgozasa, amely megfelel az emberi térd mechanikai
mozgasviszonyainak. Az MSC.ADAMS programot alkalmaztam az emberi térdiziilet
mozgasanak bemutatdsara rotacid ¢és hajlitds szempontjabol. Megvizsgaltam ¢és
bemutattam a protézis kifejlesztett tobbtestének condylusai kozott a 20-120°-0S
hajlitasi szOggel kapcsolatos valtozasokat. A peremfeltételek meghatarozasa és
szimulacioi az ADAM program segitségével torténtek. A csiszas aranya 0,7-es
atlagértéket értek el, a maximum pedig 0,79-re emelkedett. A hajlitasi szog 110-120°
kozotti szoget vett fel. Az ) virtudlis modellben haromdimenzids geometriat
alkalmaztam, figyelembe véve a condylusok és a kollateralis hatasat. A tobbtest
modellezést arra hasznaltam, hogy megmérjem a térd hajlitasanak és elforduldsanak
mértékét a helyzetére vonatkozoan, mint példaul a nyujtas, hajlitas vagy elforgatés, és
rugot helyeztem be a sipcsont és a combcesont k6z¢é, mikdzben megfigyeltem annak a
térd kinematikajara gyakorolt hatasat.

Elmondhat6, hogy a tobbtest modell alkalmazasa id6t takarit meg, mivel a térdprotézis
vizsgalatahoz nem sziikséges a sipcsont és a combcsont fizikai modellje. Ennél is
fontosabb, hogy mivel a tesztgép alkalmazasat kihagyjuk a folyamatunkbol, a
modelliink emberi térdre valo kozelitését kozvetleniil hajtjuk végre. Tobbletkoltség
nélkil tobb mérést is elvégezhetiink a Gjabb térdprotézis geometridkkal.

0,45-nél nagyobb csuszasi aranyt értem el, ahogy az irodalomban is megengedett.
Modellemet alkalmazva 0,7-es atlagértéket értem el, a maximum elérte a 0,79-et és
110-120° kozotti szoget kaptunk a hajlitasi szogre. A generalt virtualis modellt a
térdprotézis kinematikajanak mérésére hasznaltam annak legyartasa elott.

Végiil ezzel a virtudlis modellel megmérhetjiik a térdprotézis mozgasat a gyartas elott,
amivel 1d6t, pénzt és erdfeszitést takarithatunk. Nincs sziikség sem a 3D nyomtatasi
technologia sem a CNC marés segitségével 1étrehozott fizikai modellre, ami id6t, pénzt
és erbforrasokat emésztene fel. fgy elmondhatjuk, hogy a megalkotott tdbbtest modell
madszerrel végzett mérés helyettesitheti a protézis mérésére szolgalo tesztgépet. Ezért
tovabbi tudomanyos kutatdsok alapjaul szolgalhat. Modszeriinkkel igazoltuk, hogy a
térdprotézis geometridja jelentés mértékben befolyasolja a kialakulo iziileti
kinematikat. A szakemberek altal az egyes protézisparaméterekre javasolt
tartomanyokat meérésekkel igazoltuk
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