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Abstract

The total knee arthroplasty is one of the most common orthopaedic surgical procedure. This
one aims to relieve the pain and improve the mobility of the patients suffering from conditions
leading to the deterioration of the knee joint. This surgery is only considered when the medical
treatments such as the anti-inflammatory medications and physiotherapy are no longer sufficient
to improve the patient’s condition. According to the American Academy of Orthopedic Surgeons
(AAOS), 90% of the patients undergoing a knee arthroplasty experience a significant reduction in
pain. Besides, over 90 % of the prosthetic knees are still functioning after 15 years. For most of
the patients, this procedure enable them to return to simple activities such as walking or climbing
stairs, and leads to an improved quality of life with less pain and more mobility.

This thesis focuses on the clinical case of a patient who was suffering from osteoarthritis and had to
undergo a total knee arthroplasty. The choice of the surgeon Gianluca Castellarin was to preserve
as much as possible the soft tissues of the patients including the posterior cruciate ligament. He
made the choice of using a cruciate retaining prosthesis. The goal of this thesis is to model the
knee of the patient with four different types of prostheses with different levels of constraint using
finite element analysis to confirm/invalidate the choice made by the surgeon.
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— Chapter 1
Human knee joint

The knee joint is considered as the largest and most complex articulation of the human body,
regarding its geometry but also its biomechanical functions. It is a synovial joint connecting four
bones: the femur (thigh bone), the tibia (shin bone), the patella (kneecap) and fibula (calf bone).
The knee joint is composed of two joints:

o the tibio-femoral joint corresponding to the articulation between the femoral condyles and
the tibial condyles;

o the patello-femoral joint corresponding to the articulation between the femoral trochlear
groove and the patella.

Anterior cruciate Posterior cruciate
ligament ligament

Lateral condyle Medial condyle

Fibular (lateral) Tibial (medial)
collateral collateral
ligament . ligament

\
Lateral / Medial

meniscus meniscus
Biceps v Transverse
feroris ligament
tendon

Tibia

Fibula \

Figure 1.1: Anatomy of the knee joint [1]

Patellar
ligament

1.1 Anatomy of the knee joint

1.1.1 Bones and cartilage

1.1.1.1 Femur

The femur, also known as thigh bone, is the longest, strongest and heaviest bone in the human
body, extending from the hip to the knee. This bone articulates proximally with the pelvic bone
and distally with the patella and the proximal aspect of the tibia.
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The distal extremity of the femur is constituted of two convex areas: the medial and lateral condyles
which articulate with the tibia and the patella. Those condyles are separated posteriorly by the
intercondylar fossa and connected anteriorly by the femoral trochlear groove. The trochlear groove
is a smooth shallow articular depression limited anteriorly by the patellar surface and posteriorly by
the intercondylar line. The intercondylar fossa is delimitated by two walls: the medial and lateral
ones. The first one corresponds to the lateral surface of the medial condyle while the second
one corresponds to the medial surface of the lateral condyle. Each condyle presents a convex
eminence, named medial and lateral epicondyles, to which the collateral ligaments are attached
[2]. The condyles differ from their shape and location, with the medial one being elliptic with a
large posterior offset and the lateral one being spherical with a smaller posterior offset.

Anterior view Posterior view

Shaft (body) ——— Shaft (body)

| surface
Medial supracondylar line !
/ Lateral
/ supracondylar
-Adductor tubercle- / line
| /4
)\ N Var
P\ . /s }

A Medial epicondyle—=x
Lateral Dmu:n(ly\(‘—r ¢ ) & \ £ )
& ‘ i m’
k
== _Arpem
Intercondylar fossa

Lateral epicondyle
le

ateral e
ral condy|

/|
o, |
- -Aj—Mmml condyle ——
Ne— b
Lateral condyle

Patellar surface

(a) Anterior and posterior view of the femur [3] (b) Shape of the femoral condyles [4]

Figure 1.2: Anatomy of the femur

1.1.1.2 Tibia and fibula

There are two long bones located in the lower leg: the tibia and the fibula. The tibia, also called
shin bone, is the second largest and strongest bone of the human body. The tibia is found on the
medial side of the leg and extends from the knee joint to the ankle. The proximal extremity of the
tibia is composed of two plateaus, the medial and lateral tibial condyles, constituting the distal
articular surface of the knee joint.
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Those condyles are separated by the intercondylar eminence consisting in a roughened area and
two bony spines (medial and lateral) which serves as the attachment point for the cruciate liga-
ments and the menisci. During knee extension, the intercondylar eminence of the tibia slides in
the intercondylar fossa of the femur, helping to prevent rotation. In the medio-lateral direction,
both tibial plateaus are concave whereas in the antero-posterior direction, only the medial one is
concave, the lateral one being convex. This asymmetry increases the mobility of the knee joint
in the lateral side. Moreover, the medial plateau presents a larger and thicker articular surface
compared to the lateral one. On the lateral side of the tibia is located the fibula, connected to the
tibia in the proximal and distal extremity [5].

The fibula is smaller and much thinner than the tibia making the tibia the main weight-bearing
bone of the two. The fibula represents an important attachment site for muscles. Those two bones
work together to stabilize the ankle and provide support to the muscles of the lower leg.

Lateral condyle: y Tibial plateau
T 2N
Tibkofbular __ X S“ h
~ L 4
Lol all & &y Medal
Head of fibub condyle
R
Nk of bl — e TR
\ ]
1 Tibdal
\ \ tuberosity
((((((((( A-L -
memeane ] \ 1
N
|
A Tibds
—_— K\ -I (shalt)
fshaft) \ .
u E—
\ surfaa
Medial \Y ——— Medial
,,,,,, surface
Lateral ———
ce J‘,

Tibiofibular - Malieolar groove
syndesmosi {for tibialis
1 Media posterion e ndan) ] Lateral
mallecks ! okt o
Lateral Ankle Medil Litssl
malieohus maortise ke ol malechs

A Anterior view, B Posterior v few,

(a) Anterior and posterior view of the tibia [6]
(c) Medial and lateral tibial plateaus - superior view

[4]
Figure 1.3: Anatomy of the tibia

1.1.1.3 Patella

The patella, most commonly referred to as the kneecap, is a triangular-shaped bone articulating
with the patellar surface of the distal femur and located in the intercondylar notch [2]. The apex
of the patella points downward towards the tibia while the base of the bone sits upward towards

4
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the femur. The patella is embedded in the tendon of the quadriceps femoris at its base and in
the patellar tendon at its apex. The patellar tendon originates from the apex of the patella and
connects to the front of the tibia whereas the quadriceps tendon originates from the base and
connects to the quadriceps muscles. The posterior surface of the patella is divided into its medial
and lateral facets articulating respectively with the medial and lateral femoral condyles [7]. The
patella is allowed to slide up and down in the patellar groove during the knee flexion and extension.

The main functions of the patella are the followings [8]:

 increasing the leverage that the quadriceps tendon can exert on the femur and therefore
increase the efficiency of the muscle during the knee extension;

« offering protection to the anterior aspect of the knee joint against trauma or to the quadriceps
tendon from tear or wear caused by daily activities such as walking.

The articular surfaces of the femur, tibia and fibula are covered with articular cartilage which
enables smooth and almost frictionless movements and provides shock absorption.
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Figure 1.4: Anatomy of the patella [9]

1.1.2 Soft tissues

1.1.2.1 Menisci

The knee joint contains two menisci (medial and lateral), both made of fibrocartilage material.
Those menisci consist in a pair of wedge-shaped semi-lunar cartilage and are situated between the
corresponding femoral condyle and tibial plateau. The lateral meniscus is smaller and thinner but
is more mobile than its medial counterpart. However, the lateral meniscus covers a larger portion
of the tibial plateau compared to the medial one.

The presence of the menisci is crucial to ensure the functioning of a normal healthy knee joint.
The functions ensured by the menisci include load bearing, load transmission, shock absorption,
lubrication, nutrition of the articular cartilage, as well as joint stability.
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The menisci reduce the incongruency between the spherical-shaped femoral condyles and the flat
tibial plateaus, presenting a concave upper surface in contact with the femoral condyles and a
flat lower surface in contact with the tibial plateaus. The increase of the congruency allows to
extend the contact area at the tibio-femoral joint and reduce the stresses acting on the tibial
cartilage. Thanks to this configuration, the menisci act as shock absorbers as the weight is spread
out across a larger surface and protect the articular cartilage from excessive forces. The menisci
also serve as joint lubricant reducing the friction between the two articular surfaces. Moreover, the
menisci distribute the load more evenly from the femur to the tibia and stabilize the knee joint by
preventing the sliding of the femur with respect to the tibia [10], [11].

ACL (Anterior Cruciate Ligament)

MCL
(Medial Conateral Ligament)

LCL
{Lateral Collateral Ligament)

Medial Meniscus © 2005 JFarr ORF

PCL (Posterior Cruciate Ligament)

Figure 1.5: Menisci - superior view [12]

1.1.2.2 Ligaments and tendons

The ligaments involved in the tibio-femoral joint are the cruciate ligaments (anterior and poste-
rior) and the collateral ligaments (medial and lateral) while the ones involved in the patello-femoral
joint are the medial patella-femoral ligament and the lateral retinaculum. The collateral ligaments
are found on both medial and lateral sides of the knee joint and provide medio-lateral stability
prohibiting the knee from moving side to side. There are two collateral ligaments: the medial col-
lateral ligament (MCL) located on the medial side of the knee and the lateral collateral ligament
(LCL) located on the lateral side of the knee [13], [14].

The lateral collateral ligament originates from the lateral epicondyle of the femur and attaches on
the head of the fibula. The LCL is shorter than the MCL making it less prone to injuries. The
main function of the LCL is to stabilize the lateral side of the knee by resisting to varus forces
(coming from the medial to the lateral side) and avoid excessive postero-lateral rotation of the tibia
relative to the femur. When the cruciate ligaments are torn, the LCL acts a secondary restraint
to the anterior and posterior tibial translation [15].
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The medial collateral ligament contains two portions: the superficial (sMCL) and the deep one
(dMCL). The MCL originates from the medial epicondyle of the femur and inserts into the pos-
terior medial surface of the proximal tibia. The MCL stabilizes the medial side of the knee by
resisting to valgus forces (coming from the lateral to medial side) through all degrees of knee flexion
and extension. The MCL also acts as a secondary restraint to the anterior tibial translation of
the tibia on the femur when the first restraint, the anterior cruciate ligament (ACL), is injured [16].

There are two cruciate ligaments: the anterior cruciate ligament (ACL) and the posterior cruciate
ligament (PCL) located inside the knee joint, in the intercondylar region. Those ligaments ensure
the anterior-posterior stability of the knee joint. The anterior cruciate ligament is attached to the
posterior aspect of the medial surface of the lateral femoral condyle. From its femoral attachment,
it runs inferiorly, medially and anteriorly and attaches the tibia in a fossa in front of and lateral to
the anterior spine. The ACL provides 85% of the restraining force to anterior translation during
the knee flexion preventing excessive anterior sliding of the tibia relative to the femur. The ACL
also resists to varus and valgus stresses and prevents internal rotation of the tibia [17]. The PCL
attaches to the posterior part of the lateral surface of the medial condyle of the femur and inserts
distally on the posterior surface of the tibia. The main functions of the PCL are to prevent the
posterior displacement of the tibia relative to the femur (sliding backwards) and the tibial external
rotation. Both cruciate ligaments work together to lock the knee when it is fully extended [18].
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Figure 1.6: Knee joint ligaments [19]
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1.1.2.3 Muscles

The two groups of muscles acting on the knee joint are the knee extensors (quadriceps femoris)
and flexors (hamstrings).

The quadriceps femoris is the strongest muscle in the human body and extends along the anterior
compartment of the femur. This muscle is composed of four individual muscles: vastus medialis (on
the medial side of the femur), vastus lateralis (on the lateral side of the femur), vastus intermedius
(in between the vastus lateralis and medialis), and rectus femoris (in the middle of the femur).
Those muscles differ from their origin, with the rectus arising from the anterior inferior iliac spine
and the upper part of the acetabulum at the ilium while the others arise from the surface of the
femur. Out of all four muscles, the rectus femoris is the only bi-articular muscle crossing both
hip and knee joints. Those four muscles join each other above the patella forming the quadriceps
femoris tendon, connecting the quadriceps muscle to the patella. The patella is attached to the
tibia through the patellar tendon which begins where the quadriceps tendon ends [20], [21]. The
contraction of this group of muscles allows the extension of the leg at the knee joint. As the rectus
femoris attaches the ilium, it also allows the flexion of the leg at the hip joint. Those muscles have
therefore a crucial role in activities such as walking, running and jumping.

The hamstrings constitute a group of three muscles extending along the posterior surface of the
femur. It comprises the semitendinosus and semimembranosus (both located at the medial part of
the thigh with the semimembranosus being the most medial one) and the biceps femoris. The biceps
femoris occupies the lateral region at the back of the thigh and includes a long and short head.
All three muscles proximally attach at the ischial tuberosity but differ in their distal attachment.
The semitendinosus inserts at the pes anserine (an area of the tibia near the tibial tuberosity),
the semimembranosus attaches to the posterior part of the medial condyle of the tibia while the
biceps femoris attaches to the fibula head. The main function of those muscles is to flex the knee
and extend the hip. When the knee is in flexion, the semitendinosus and semimembranosus also
control the internal rotation of the knee while the biceps femoris controls the external one [22],
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1.2 Kinematics of an healthy knee

The complex knee kinematics can be described through six degrees of freedom, with 3 translations
and 3 rotations. The three translations and rotations are:

« medial/lateral translation and flexion/extension occurring respectively along and about the
epicondylar femoral axis;

 proximal/distal translation (or superior/inferior translation) and internal/external rotation
(or axial rotation) occurring respectively along and about the long tibial axis;

« anterior/posterior translation and varus/valgus rotation occurring respectively along and
about a floating axis perpendicular to the tibia mechanical axis.

The primary motion of the tibio-femoral joint is the flexion/extension. Full-extension of the knee
(0° of flexion) corresponds to the configuration in which the femoral and tibial axes are aligned in
the sagittal plane. The knee can flex up to 130° in the case of an active flexion and up to 160°
in the case of a passive flexion. Negative flexion, known as hyper-extension can occur up to -5°
of flexion for some individuals. During the last 30° of knee extension, the tibia externally rotates
up to 20° while during the first 30° of flexion, the tibia internally rotates up to 20°. This slight
rotation is due to the anatomical difference between the articular surfaces of the femoral condyles,
with the medial femoral condyle being longer than the lateral one, and must occur to achieve
the full-extension of the knee. Moreover, it is responsible for the tightening of the ligamentous
structures that lock the knee, assuring maximal stability. This kinematic phenomenon is known
as the “screw-home” mechanism [26], [27], [28].

I Superior/Inferior

Translation

Anterior/Posterior
Translation

Flexion/
Extension

Medial/Lateral

Translation

Vargus/Valgus
Rotation

Axial C:r
Rotation Y

Figure 1.8: The six degrees of freedom of the knee - translations and rotations [29]



CHAPTER 1. HUMAN KNEE JOINT

1.3 Alignment of the lower limb

The accurate alignment of the lower limbs is determined by the orientation of an anatomical or
mechanical axis of the tibia and the femur. The mechanical axis of the leg (or load-bearing axis)
corresponds to the line extending from the center of the femoral head to the center of the ankle
joint. The anatomical axis of the femur and the tibia coincides with the mid-diaphyseal line of
each bone. An angle of 6° is formed between the mechanical and anatomical axis of the femur
whereas the mechanical and anatomical axis of the tibia coincide. A healthy knee is in a neutrally

aligned configuration in which the mechanical axis of the femur and the tibia form an angle of 180°
30], [31], [32]

f

MECHANICAL AXIS 1

VERTICAL AXIS

Figure 1.9: Alignment of the lower limb - anatomical and mechanical axes [33]

1.4 Malalignment of knee joint

If the center of the knee joint is shifted laterally or medially with respect to the load-bearing
axis of the knee, this indicates either a varus or valgus malalignment. The valgus deformity
is therefore a condition in which the distal part of the tibia is turned outward in relation to
the femur resulting in a knock-kneed appearance. In opposition, the varus deformity exhibits a
bowlegged with the tibia turned inward with respect to the femur. Both deformities increase the
risk of developing osteoarthritis. The anatomical restoration of the femoral and tibial alignment
is therefore important to achieve an optimal functioning of the knee [34], [35], [36].
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— Chapter 2
Total knee arthroplasty

Total knee arthroplasty (TKA), also known as total knee replacement (TKR) is a surgical procedure
replacing the articular surfaces of the knee joint with prosthetic components. TKA helps to return
to a normal knee biomechanics, reducing the pain and improving the knee mobility [38], [39], [40].
This procedure is indicated for patients suffering from conditions leading to the deterioration of
the knee joint. One of the most common pathological cause of TKA is arthritis comprising mainly
osteoarthritis, rheumatoid arthritis and post-traumatic arthritis. TKA is also practiced to correct
severe knee deformities (such as varus and valgus) and repair knee injuries [38]. Osteoarthritis is
a condition in which the joint cartilage degrades progressively with time, faster than the body’s
ability to repair it [41]. Rheumatoid arthritis is an autoimmune disorder in which the immune
system doesn’t recognize the body tissues and attacks them by mistake. The lining of the joints
becomes inflamed, causing the synovial membrane surrounding the joints to swell and resulting
in joint deformity, bone erosion and loss of function [42]. Post-traumatic arthritis is a form of
cartilage degeneration resulting from sudden injury fractures, meniscal or knee ligaments’ tear.
Those conditions all lead to the degradation of the articular surfaces causing the underlying bones
to rub against each other. This bone-to bone contact is painful and limits significatively the
mobility of the patient. When non-surgical treatments such as anti-inflammatory medications and
knee injections are no longer sufficient to improve the patient’s condition, total knee replacement
should be considered[43].
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Joint
Space
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Figure 2.1: Healthy knee and arthritic knee [44]
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2.0.1 TKA components

The knee prosthesis is made up of four components [43], [45], [46]:
o the femoral component usually made of metal, most commonly cobalt-chrome;
o the patellar component usually made of polyethylene;
 the tibial insert typically made of high-density polyethylene;

 the tibial component made of metal, either cobalt-chrome or titanium alloy.

Femoral (thigh

Patellar Bone
bone) component

High density
polyethylene
(spacer)

Patellar Component

~

\Tibial (shin bone)

component

Figure 2.2: TKA components [47]

2.0.2 Mechanical and kinematic alignment

The alignment refers to the axis following which the cut is realized for the TKA. A mechanical
alignment is achieved when the tibia is cut perpendicularly to the mechanical axis of the bones.
A kinematic alignment is achieved when the tibial cut is realized following the joint line (with an
angle of 3°). In the first case, the cut bone thickness varies along the cutting axis whereas in the
second case, the cut bone thickness is constant.
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Figure 2.3: A: Kinematic alignment - B: Mechanical alignment during TKA [48]

2.0.3 TKA designs

2.0.3.1 Cruciate retaining knee

If the posterior cruciate ligament is healthy enough to continue stabilizing the knee, the surgeon will
retain it when implanting the prosthesis and only remove the anterior cruciate ligament. A groove
is present in the posterior aspect of the tibial components for the native PCL. Those prostheses
are categorized as non-constrained implants as the femoral and tibial components are not linked
together and rely on the patient’s ligaments to ensure the stability of the knee [46], [45], [49], [50].

Figure 2.4: A: Cruciate retaining knee - B: Posterior stabilized knee [51]

There are several advantages in using the CR knee over the PS [52]:

14
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o The CR knee preserves femoral bone as it doesn’t require to cut a groove on the distal femur
to accommodate to the tibial post. The depth of resected distal femoral bone typically
matches the thickness of the femoral implant.

o The motion obtained while preserving the posterior cruciate ligament is closer to the normal
knee kinematics.

e The CR design increases proprioception of the motion by the patient.
There are also disadvantages associated with the use of the CR knee [52]:

» Appropriate soft tissue balancing is more challenging in the case of a CR knee as the PCL
tension should be considered when balancing the flexion and extension gaps. It is even more
difficult with larger knee deformities (with varus lower than 10° or valgus higher than 15°)
because the varus or valgus ligamentous imbalance should first be corrected.

e The CR knee stability relies on the integrity of the PCL. The rupture of the PCL or its
attenuation (being over laxed or excessively thigh) leads to the knee instability.

2.0.3.2 Posterior stabilized knee

When the surgeon considers that the cruciate ligaments are too weak to ensure the knee stability,
those ligaments are removed and substituted by a post-cam system incorporated in the implant.
The tibial component has a raised surface with an internal post that articulates with a rectangular
box-like opening (cam) between the condyles of the femoral component. This mechanism supports
the posterior movement of the femur, known as the femoral rollback, which is essential to achieve
deep knee flexion and prevents the anterior translation of the femur on the tibia during knee flexion.
Those prostheses are classified as semi-constrained as they rely on the post-cam system to ensure
the stability of the knee [46], [45], [49].

Figure 2.5: Posterior stabilized knee [53]

The use of the PS design has some advantages [54]:

o The PS knee is often easier to balance as it doesn’t rely on abnormal PCL morphology and
function.

o It allows the reliable restoration of the knee kinematics.

15
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o It provides small improvements in the range of motion compared to CR knees with a difference
in the maximal flexion angle up to 8 °.

o It reduces the polyethylene wear as the surface of the polyethylene component better matches
the radius of curvature of the femoral component, increasing the area of contact and decreas-
ing the stress to which the polyethylene is subjected.

o It avoids the possible post-operative rupture of the PCL as it can occur with the use of CR
knees.

However, the use of the PS knee presents some disadvantages[54]:

o A tibio-femoral dislocation might occur when there is a significant flexion-extension gap
mismatch. Indeed, the post “jumps” over the cam when the flexion gap is larger than the
extension one due to PCL resection. The dislocation occurrence is very rare as the surgeon
performs a larger distal femoral cut to balance the extension gap.

o The friction between the prosthesis’ components could cause polyethylene wear and a break-
age at the post-cam interface can occur.

o The use of this implant leads to excessive bone resection. Indeed, the PS design requires an
additional bone removal from the distal femur, the “box cut”, to accommodate to the tibial
post.

2.0.3.3 Constrained implants

The constrained condylar knee (CCK) is a constrained prosthesis based on a post-cam sytem com-
parable to the one found in the posterior stabilized designs but presenting a larger post. In this
type of prosthesis, the femoral and tibial components are not linked together, allowing a smaller
range of motion compared to the posterior stabilized knee.

The most constrained type of prostheses are the hinged prostheses. In those implants, the femoral
and tibial components are linked together with a hinged mechanism. The hinge is either fixed or
allowing some degrees of internal/external rotation. Those prostheses are reserved for seriously
damaged knees and are rarely the first-choice option. They are most commonly used for revision
surgery to improve the stability of the knee joint providing a more constrained articulation. How-
ever, they can also be used in primary knee arthroplasty if the knee presents a significant instability.

They are used in the case of:

e severe deformities associated with knee arthritis;

collateral ligament deficiency which would be unable to support any other type of prosthesis;

inadequate bone support;

and TKA trauma.
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They are usually coupled with stems (cemented or cementless) to transfer the load to the in-
tramedullary canal and augments or wedge to cover the bone defect. However, in the case of
revision surgery, the stems are difficult to remove, especially when cemented. In addition, the sur-
gical time is significantly higher as the stems have to be positioned correctly otherwise a diaphyseal
fracture can occur. Due to their high level of constraint, the hinged prostheses are mostly destined
to elderly patients being less physically active than younger ones. Besides, as they subjected to
higher mechanical stress they are not expected to last as long as other less-constrained designs
[55], [56].

Figure 2.6: Hinged prosthesis model and radiography of the implanted hinged prosthesis [57]

2.0.3.4 Tibial ultracongruent insert

Some mobile bearing devices contain an ultracongruent insert enabling to stabilize the knee joint
even with PCL deficiency. Those inserts are characterized by a high anterior wall and a deep-
dished plate. The articulation provided by those inserts is more conforming, ensuring the stability
of the knee.

Figure 2.7: Ultracongruent insert - Smith & Nephew - Adler Ortho - Link Orthopaedic
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2.0.3.5 Fixed bearing implant

In a fixed bearing implant, the tibial insert is fixed firmly to the metal tibial tray. The femoral
component then rolls over it. Extreme physical activities and weight gain should be avoided as
it could cause the fixed implant to wear down more quickly. The fixed bearing implants are less
expensive than the mobile bearing models [46], [58].

2.0.3.6 Mobile bearing implant

In a mobile bearing implant, the tibial insert can rotate upon the tibial component. This type
of prosthesis replicates the small rotation occurring in a healthy knee to achieve full-extension
or to go from full-extension to flexion, providing a more physiological motion of the implant.
Mobile bearing inserts were developed to minimize the wear occurring with the post-cam system.
However, this type of implant is not suitable for every patient since it requires more support from
the surrounding soft tissues especially the ligaments to avoid the knee dislocation. Moreover, the
surgical costs associated with those implants are higher than those of the fixed bearing implants.
Those prostheses are recommended for young and more active patients as they have a longer
lifetime [46], [58].

Figure 2.8: Example of - a: fixed-bearing implant - b: mobile-bearing implant [59]

2.0.3.7 Cemented and cementless total knee replacement

Three different types of fixations are used to connect knee implants to the bone [46]:

o cemented fixation in which the insert and the tibial tray are fixed together with a fast-curing
bone cement (polymethylmethacrylate);

o cementless fixation where the implants are press-fitted onto bone. Most are designed with
a porous surface, textured or coated with hydroxyapatite to promote the growth of the new
bone into the surface of the implant;

e hybrid fixation in which the femoral component is inserted without cement while the tibial
and patellar components are fixed with a bone cement.
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The majority of the knee prostheses are cemented. The main advantage of that technique is that
the bone cement dries very quickly providing an immediate fixation between the prosthesis’s com-
ponents and the bone surface. Moreover, cemented implants are highly recommended for old,
obese and osteoporosis patients as it provides a better fixation for poor bone quality. This type
of fixation also presents some drawbacks. The layer of cement formed between the bone and the
implant component may become loose over time. Furthermore, third body wear can be caused by
the presence of cement. Due to the friction of the different parts, small particles of cement are
released in the body which causes an inflammation reaction as the body tries to remove the debris.
This condition is called osteolysis as the inflammatory cells may also dissolve the bone surrounding
the prosthesis, leading to the loosening of the implant. In this particular case, a revision surgery is
needed. Additionally, the hardening of the cement releases a lot of thermal energy causing thermal
necrosis to the surface of the surrounding bone.

The surgery procedure remains the same for both fixations, excepting that in the case of a cement-
less fixation, the components are press-fitted onto the bones, reducing significantly the surgery
time compared to the cemented fixations. Cementless implants also require accurate bone cuts to
avoid possible gaps between the prosthetic implant and the bone surface. The ideal candidates for
cementless fixation prostheses are young patients as they usually present an excellent bone quality
which is essential to have a good cementless fixation. Revision surgery is easier for cementless
implants due to the availability of good bone stock but the implants are more difficult to remove
[60].

2.0.4 Revision total knee arthroplasty

Total knee arthroplasty is one of the most successful surgical procedure. However, some patients
achieve poor results after surgery or the implant may fail over time for many reasons and a
revision surgery is required. The revisions in total knee arthroplasty are classified in two categories:
early (within two years after the primary TKA) and late revisions. The main causes of TKA
are: infection, fracture, implant failure, loosening, osteolysis, wear, instability, restricted range of
motion, extensor mechanism insufficiency, allergy and pain [61]. The revision surgery is a longer
and more complex surgical procedure than primary TKA as it requires an accurate preoperative
planing (new radiographs of the patient’s knee), specific prosthetic components, extraction devices
and bone graft materials. There are different types of revision surgery depending on the number of
prosthetic components that need to be replaced. In the most severe revision cases, all components
must be removed and replaced. In order to cover the bone defect, augments/wedge or bone graft
(to rebuilt the bone around the knee) could be used if bone cement is not sufficient [62] [63].
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(a) Modular augments [64] (b) Revision TKA with a wedge  (c¢) Special implants for revision
[65] TKA [65]

Figure 2.9: Revision TKA
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— Chapter 3
Motivation - aim of the thesis -
research question

This study is realized in collaboration with the company Adler Ortho and the surgeon Gianluca
Castellarin who performed a total knee arthroplasty on the studied patient.

The patient suffered from femoral valgus: a condition in which the tibia is turned outward in
relation to the femur. The orthopedic surgeon Gianluca Castellarin performed a femoral valgus
osteotomy to correct the deformity of the femur by putting a blade plate. This one aimed to
prevent the progression of the deformity and avoid the possible development of a fracture.

(a) Pre-operative X-rays (b) Pre-operative X-rays (c) Pre-operative X-rays
(A/P view) (full leg) (lateral view)

Figure 3.1: Patient’s pre-operative X-rays. These pictures were obtained in the courtesy of Gian-
luca Castellarin

The patient later suffered from osteoarthritis causing the knee cartilage to degenerate progressively.
As it can be seen in the pre-operative X-ray in Figure 3.2, there was no more cartilage in between
the femur and the tibia, causing the bones to grind painfully against each other. It was therefore
necessary to perform a total knee arthroplasty on the patient. Since the patient was also suffering
osteoporosis, removing the blade plate could have caused a bone fracture so the implant had to
remain in place.
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Bone-to-bone friction

Figure 3.2: Patient’s osteoarthritis and cartilage degeneration. This picture was obtained in the
courtesy of Gianluca Castellarin

The goal of doctor Gianluca Castellarin was to preserve as much native soft tissue of the patient
as possible, in opposition to the more conservative surgeons afraid of the new techniques. Due to
the blade plate put in place, the best option was to implant a mobile bearing cruciate retaining
prosthesis. The patient shows excellent results at 9 years post-up follow-up.

The purpose of this thesis is to study the impact of the different levels of constraint in the knee
biomechanics of the patient at various loading conditions. This study will allow to approve or
invalidate the decision made by the surgeon Gianluca Castellarin in the preservation of the PCL
of the patient.
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— Chapter 4
Assembly

4.1 Geometry

The CAD files of all the prosthesis components (femoral component, tibial insert and tibial tray)
were provided by the company Adler Ortho (Cormano, Milano, Italy). The geometry of those
components is optimized, using the software Abaqus, by removing some design features such as the
fillets, the chamfers and the holes in order to ease the meshing of the different parts. The initial
geometries of the parts as well as the final geometries obtained for those ones can be found in the
Annex (in Figure 10.1, 10.2, 10.3, 10.4, 10.5, 10.6, 10.7, 10.8, 10.9, 10.10).

4.2 Configurations

Four different models of prostheses were studied:
« Mobile bearing cruciate retaining knee with normal insert (MB CR knee);

« Mobile bearing cruciate retaining knee with ultracongruent insert (MB CR ultracongruent
knee);

» Fixed bearing constrained condylar knee (FB CCK);
 Fixed bearing posterior stabilized knee (FB PS).

All the components of the prostheses are press-fitted. For the four models, three different con-
figurations were analyzed: full-extension (0° of flexion), 30° of flexion (gait), and 90° of flexion
(chair-rise). Those configurations represent the solicitations taken by the knee joint during the
most frequent activities of daily life such as walking and sitting. The full-extension configuration
represents the standing position. The configuration at 30° of flexion replicates the the maximal
knee flexion angle occurring during the stance phase. This is in this configuration that the maximal
force is observed in the gait cycle. The chair-rise investigates the sit-to-stand transfer from a chair

[66).

4.3 Materials and properties

Linear elastic models were chosen for all the materials involved in this study, in agreement with
the previous literature studies [67], [68], [69], [70], [71], [72]. This assumption provides a good
approximation of all the mechanical properties to achieve an acceptable quantitative comparison
among different configurations.
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4.3.1 Prostheses components

The femoral components as well as the tibial components are made of cobalt-chromium alloy
(CoCr). The tibial inserts are made of ultra-high-molecular-weight polyethylene (UHMWPE).
They are all assumed to be homogeneous and isotropic [70], [67], [69], [73], [74]. The material
properties are reported in Table 4.1.

Table 4.1: Material properties of the prostheses’ components

’ Material H Material model \ Young’s modulus [MPa] \ Poisson’s ratio

CoCr Elastic isotropic 240 0.3
UHMWPE || Elastic isotropic 0.7 0.40

4.3.2 Ligaments

For the FB CCK and PS prosthesis, the ligaments incorporated in the models are the lateral
collateral ligament (LCL) and the medial collateral ligament (MCL). The medial collateral ligament
is modeled in two distinct parts: anterior medial collateral ligaments (aMCL) and posterior medial
collateral ligaments (pMCL) according to previous studies [67]. These ligaments were considered
isotropic and modeled as beams with a specific cross-section and validated pre-strain [67], [68],
[75], [69], [70]. The pre-strain of the ligaments is given by the following formula:

e = aAt,

with €, a and At representing respectively the pre-strain of the ligaments, the expansion coefficient
and the variation of temperature. At is taken equal to 1.

The material properties of the collateral ligaments are gathered in Table 4.2.

Table 4.2: Material properties of the collateral ligaments

. . Density | Young’s modulus | Poisson’s ratio | e
Material || Material model
[kg/m?] [MPa] [-] [-]
LCL Elastic isotropic 310 345 0.45 0.08
MCL Elastic isotropic 310 332 0.45 0.04

The MB CR prosthesis models (with the normal and the ultracongruent inserts) preserve the
posterior cruciate ligament (PCL). This one is modeled as a spring with a stiffness of 350 [N/mm)].

4.3.3 Bones

Both the femur and the tibia were modeled considering the cortical as well as the cancellous
bone. The cortical bone was considered linear transversely isotropic (with the principal axis
corresponding to the mechanical axis of the bone) whereas the cancellous bone was considered
linear elastic isotropic [67], [76], [68], [75], [69], [70]. The material properties of the bones are
gathered in the Table 4.3.

For the cortical bone, the direction E3 represents the tibial mechanical axis.
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Table 4.3: Material properties of the bones

Young’s modulus

Poisson’s ratio

Shear modulus

Material Material model [MPa] -] [MPa]
E; = 11,500 vo3 = 0.31 Goz = 4,400
Cortical bone Transversely isotropic Es = 11,500 v13 = 0.31 Gz = 4,400
E3 =17,000 vi9 = 0.58 G2 = 3,800
Cancellous bone Elastic isotropic 2,130 0.31 /

4.4 Total models

The total models contain the prosthesis components, the bones (femur and tibia) and the ligaments.

4.4.1 Prosthesis components positioning

The next step consists in assembling the femoral component, the tibial insert as well as the tibial
component and specify their relative positions. The positioning is realized following a mechanical
alignment of the knee. This one aims to position both femoral and tibial components perpendic-
ular to the mechanical axis of each bone. The software Abaqus contains a tool enabling to define
position constraints in order to correctly position each component with respect to the others.

The position constraints that are applied on the prostheses’ components in the three configurations
are listed below.

o For all the models,the femoral distal bone cut surface is constrained to be parallel to the lower
surface of the tibial insert. This constraint is only applied to the models in the full-extension
configuration.

o For all the models in all the configurations, the lower surface of the tibial insert and the
upper surface of the tibial tray are constrained to be "face-to-face”.

 For the mobile bearing models, the peg of the mobile bearing (normal and ultracongruent)
insert is constrained to be coaxial with the stem of the tibial tray.

o For the fixed bearing CCK model, the cylindrical hole of the insert is constrained to be
coaxial with the stem of the tibial tray.

The models of the four assembled prostheses are illustrated in the full-extension configuration in

the Figure 4.1.
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(a) MB CR knee (b) MB CR (c) FB CCK (d) FB PS
ultracongruent knee

Figure 4.1: Hlustration of the four different models of prosthesis studied in the full-extension
configuration

The upper, middle and lower components represent respectively the femoral component, the insert
and the tibial tray of each type of knee prosthesis. At this stage, all the components of the TKA
prostheses are fixed in place. The bones should therefore be incorporated in the model. Bones
cutting and positioning

4.4.1.1 Femur

As the interaction between the femur and the femoral component is not studied, the femur used
in the different models has been taken from a previous study [67]. The femoral cut has therefore
been realized with respect to the femoral component of the previous study, perpendicularly to
the mechanical axis of the femur, following a mechanical alignment technique. The femur model
used can be found in the Annex in Figure 10.11. The same femur is used for all the models and
consequently, the shape of the cut femur doesn’t match any of the studied femoral component.
However, since the interaction with the femur is not considered in the study, the femur model
doesn’t need to be rescaled. The femur has been positioned according to surgical techniques [70].

4.4.1.2 Tibia

In order to assemble the tibia with the tibial component, a tibial cut must be performed as it is
realized during the total knee replacement surgical procedure. The tibial model was taken from
the same study as the femur model [67], and can be found in the Annex in Figure 10.12. In this
study, a resection of the proximal end of the intact tibia has been performed perpendicular (90°)
to the mechanical axis of the tibia with a level of about 10 mm based on the less involved condyle.
The tibial bone has already been cut into a shape that matches the corresponding surface of the
tibial component from this previous study.

A solid extrusion is first applied to the stem of the tibial tray in order to fill the inside of the stem

to realize a proper cut in the tibia. A solid extrusion is then applied to the tibial model in order
to refill the hole resulting from the previous cut. The tibia is added to the model and correctly
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positioned with respect to the tibial tray. In this purpose, three axes are constructed on the tibia,
the first one corresponding to the mechanical axis of the tibia and the two other ones corresponding
to the medio-lateral and antero-posterior axes, then those axes are aligned with the three axes of
the tibial tray. The lower surface of the tibial tray and the upper surface of the tibia are put in
contact and the extruded cut is then realized. The cut process is illustrated in the Figure 4.2 for
the mobile bearing model and is similar for the other models.

Medio-lateral axis

h Antero-posterior axis | Positioning 3

Tibial mechanical axis

Figure 4.2: Illustration of the tibial cut process
After realizing the tibial cut, some position constraints are applied to the cut tibia in order to
position it correctly with respect to the tibial tray.

o The upper surface of the cut tibia and the lower surface of the tibial tray are constrained to
be "face-to-face”.

o The stem of the tibial tray is constrained to be coaxial with the cylindrical axial hole of the
cut tibia.

The next step consists in adding the ligaments in the models.

4.4.2 Ligaments positioning

4.4.2.1 Determination of the insertion points of each collateral ligament

The origin and the insertion points of each collateral ligament (lateral collateral ligament, anterior
medial collateral ligament and posterior medial collateral ligament) were determined following the
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Norm ISO 14243-1:2002 [77]. This norm aims to construct a plane passing through the faces of
the femoral component containing the pegs and rotate it respectively at 30° and 60°. Both of the
obtained planes are translated to become tangent with the condyles of the femoral component.
Then two planes perpendicular respectively to each two previously obtained planes are constructed
and those planes are translated up to the tangency point on the condyles. The axis resulting from
the intersection of the two last obtained planes is then constructed. The medial and lateral most
external point of the condyles are projected on this axis. The projected lateral point corresponds
to the insertion point for the lateral collateral ligament. A reference point is created on this point.
The obtained medial point is offset of 5mm in the anterior and posterior direction to obtain the
insertion points for the anterior and posterior medial collateral ligament. Two reference points are
also created on those points.

The base of each collateral ligament is positioned in order to coincide with its corresponding in-
sertion point and then the ligaments are vertically aligned with the mechanical axis of the tibia.

The posterior cruciate ligament is modeled with its origin on the posterior part of lateral surface
of the medial femoral condyle and its insertion on the posterior part of the proximal tibia.

4.4.3 Constraints

4.4.3.1 Femur

The surface interaction between the femur and the femoral component is considered rigidly bonded
(tied constraint) as the interaction with the femur isn’t studied. Indeed, the lower cut surface of
the femur and the internal surface of the femoral component are tied together.

A reference point is created on the femur (RP-femur), located 15mm above the upper surface of
the femur and aligned with the mechanical axis of the femur. As it can be seen in Figure 4.3,
this reference point is constrained (coupling - continuum distributing) to the upper surface of the
femur. This is on this reference point that the force as well as the boundary conditions (BC) are
applied on the femur.
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"% Re-femur

RP-femur

Figure 4.3: Illustration of the reference point and surfaces where the boundary conditions and the
loads are applied on the femur

4.4.3.2 Ligaments

For the lateral collateral ligament, a coupling constraint is applied between the lateral epicondyle
of the femur and the insertion point of the lateral collateral ligament (RP-lat_ligament). For the
medial collateral ligaments, the medial epicondyle surface is divided in two parts: the anterior and
posterior one. A coupling constraint is then applied bewteen the insertion point of the anterior
medial collateral ligament (RP-ant_ligament) and the anterior surface of the medial epicondyle,
and between the insertion point of the posterior medial collateral ligament (RP-post_ ligament)
and the posterior surface of the medial epicondyle.

RP-ant_ligament

 ilat_ligament

.

=k

(a) Anterior medial collateral  (b) Posterior medial collateral  (c) Lateral collateral ligament
ligament ligament

Figure 4.4: Illustration of the ligament insertion points and coupling epicondyle surfaces
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4.4.4 Interactions

According to previous studies, the frictional behavior was modeled using general contact with the
penalty function method. A coefficient of friction of 0.04 was considered for the interaction between
the femoral component and the tibial insert, between the tibial insert and the tibial component as
well as between the tibial component and the tibial bone [70].

4.4.5 Boundary conditions

4.4.5.1 Femur

For the femur, the boundary condition is applied to the reference point of the femur (RP-femur).
Any form of rotation or displacement is allowed excepting for the anterior-posterior rotation in
order to keep each model in the studied configuration with the appropriate flexion angle.

4.4.5.2 Inserts

For the FB PS and CCK models, the boundary conditions are applied to the lower surface of the
insert. This one is allowed to rotate about the anterior-posterior axis and the medio-lateral axis
in order to adjust its position with respect to the femoral component during the simulation. The
insert can also translate along the longitudinal axis to allow the transmission of the forces and the
constraints to the tibia. The surfaces on which the boundary conditions are applied to the FB PS
and FB CCK inserts are illustrated respectively in Figure 4.5 and 4.6.

(a) Boundary conditions PS insert ) PS insert lower surface BC

Figure 4.5: Illustration of the surface where the boundary conditions are applied to the PS insert

(a) Boundary conditions CCK insert ) CCK insert lower surface BC

Figure 4.6: Ilustration of the surface where the boundary conditions are applied to the CCK insert
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For the mobile bearing models, the boundary condition is applied to a reference point (RP) that
coincides with the center of peg of the insert (Figure 4.7a and Figure 4.7b) which is constrained
(Coupling - continuum distributing) to the lateral surfaces of the peg. This reference point is only
allowed to move along and to rotate about a fixed vertical axis located in the middle of the tibial
condyles.

(a) MB CR insert reference point (b) MB CR insert coupling surfaces

Figure 4.7: Illustration of the reference point and coupling surfaces where the boundary condition
is applied for the MB CR normal and ultracongruent insert

In all the studied configurations, the tibia is distally fixed.
The anterior medial collateral ligament, posterior medial collateral ligament and the lateral collat-
eral ligament are all distally fixed at their end.

4.4.6 Loadings

The loadings are defined according to a previous study [66]. The loading conditions in the three
different configurations for the four studied models are the followings:

« Full-extension (0° of flexion): a vertical axial load of 2000N is applied on the reference point
of the femur along the femoral mechanical axis.

o Gait (30° of flexion): a vertical axial load of 2200N is applied on the reference point of
the femur with an inclination of 15° with respect to the longitudinal axis. The force is
decomposed into its components to be applied to the model in the software Abaqus.

The two previous configurations replicated the maximal knee axial force during gait corresponding
to about 3.1 times a 70 kg body weight as already implemented in previous studies [66].

o Chair-rise (90° of flexion): a vertical axial load of 1000N is applied on the reference point
of the femur along the femoral mechanical axis. The force required in this configuration is

not as high as in the two previous configurations since the sit-to-stand is performed with the
help of the hands.

The different loading conditions are illustrated with the mobile bearing cruciate retaining knee
model in Figure 4.8. The same loading conditions are applied to the three other models.
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F,.=2000N RP-femur

b

RP-femur ¢ F4=569N RP-femur

v

v

F,=1000N

(a) Full-extension (0° of flexion) (b) Gait (30° of flexion) (c) Chair-rise (90° of flexion)

Figure 4.8: Forces applied to the MB CR model in the three analyzed configurations
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4.4.7 TIllustration of the total models

The total models containing the prostheses’ components, the bones and the ligaments are illus-
trated for the mobile bearing and fixed bearing implants in the full-extension configuration in
Figure 4.9.

(a) Mobile bearing models (b) Fixed bearing total models

Figure 4.9: Ilustration of the total models for the mobile and fixed bearing models in the
full-extension configuration
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4.5 Models with the prosthesis components

4.5.1 Prosthesis components positioning

The prostheses’ components are kept in the exact same position as in the total models (before
adding the bones and the ligaments) and the position constraints applied to those components are
exactly the same.

4.5.2 Constraints

A reference point (RP-fem_comp) was constructed on the femoral component to apply the load
as well as the boundary condition acting on the femoral component. For the MB models and
the FB CCK model, this reference point was taken at mid-distance from the top of the two pegs.
For the FB PS model, the reference point was taken at the medio-lateral mid point of the cam slot.

This reference point is constrained (Coupling-continuum):
o to the femoral medial and lateral cut surfaces in the full-extension configuration;

o to the femoral medial, lateral, medial posterior and lateral posterior cut surfaces in the 30°
of flexion configuration;

» to the femoral posterior cut surfaces in the 90° of flexion configuration.

The reference point and constrained surfaces are illustrated for the mobile bearing cruciate retain-
ing knee model in the Figure 4.10. The same process is applied to the three other models.

(a) Full-extension (0° of flexion) (b) Gait (30° of flexion) (c) Chair-rise (90° of flexion)

Figure 4.10: Illustration of the reference point and the coupling surfaces for the mobile bearing
cruciate retaining knee
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4.5.3 Interaction

The same method as in the total models was used to define the interaction between the femoral
component and the insert as well as between the insert and the tibial tray.

4.5.4 Boundary conditions and loading

Instead of having the boundary condition applied on the reference point of the femur as it is the
case in the total models, the boundary condition is applied to the reference point of the femoral
component. The same boundary conditions as the ones applied on the inserts of the total models
are applied on the inserts of the prostheses’ models.

The lower surface of the tibial tray was encastered.

The loading conditions are the same as the ones applied to the total model. The load is applied
to the reference point of the femoral component.

The different loading and boundary conditions are illustrated for the mobile bearing cruciate
retaining model in Figure 4.11.

(

8

00N

(a) Full-extension (0° of flexion) (b) Gait (30° of flexion) (c) Chair-rise (90° of flexion)

Figure 4.11: Tlustration of the loading and boundary conditions for the mobile bearing cruciate
retaining knee
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Finite element analysis

5.1 Finite element modeling

The finite element analysis is a numerical method used to find solutions for complex problems.
This one aims to divide the complex geometry of a solid into smaller finite elements connected
together through nodes, forming the finite element mesh. A solution is obtained for each finite
element instead of obtaining an analytical solution for the studied problem, which provides an
approximate result to the complex problem. By using mesh refinement, the approximate result
approaches the true result.

5.2 Finite Element Mesh

The geometry of the different parts were simplified using the Virtual topology tool. All the parts
were meshed using linear tetrahedral elements with the element sizes chosen accordingly to each
part. ABAQUS/ Standard version 2017 (Dassault Systémes) was used to perform all the finite
element simulations.

5.2.1 Finite element modeling of the femoral component

The total number of nodes and elements used in the finite element modeling of the femoral com-
ponent for each type of prosthesis in the three studied configurations can be found in Table 5.1.

Table 5.1: Number of nodes and elements used in the finite element model of the femoral component
for the four models of prostheses considered in each studied configuration

Number of nodes Number of elements

0° | 30° | 90° || 0° | 30° | 90°
MB CR 3650 | 3650 | 3650 || 14688 | 14688 | 14688
MB CR ultra || 3650 | 3650 | 3650 || 14688 | 14688 | 14688
FB PS 6614 | 6614 | 6614 | 27925 | 27925 | 27925
FB CCK 7682 | 5353 | 8224 || 31052 | 20558 | 33629

Model

5.2.2 Finite element modeling of the tibial tray

The total number of nodes and elements used in the finite element modeling of the tibial tray for
each type of prosthesis in the three studied configurations can be found in Table 5.2.
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Table 5.2: Number of nodes and elements used in the finite element model of the tibial tray for
the four models of prostheses considered in each studied configuration

Number of nodes Number of elements

0° | 30° | 90° || 0° | 30° | 90°
MB CR 3039 | 3039 | 3039 || 11406 | 11406 | 11406
MB CR ultra || 3039 | 3039 | 3039 || 11406 | 11406 | 11406
FB PS 5676 | 5676 | 5676 || 24377 | 24377 | 24377
FB CCK 5676 | 5676 | 5676 || 24377 | 24377 | 24377

Model

A medio-lateral partitioning was applied to the femoral components and the tibial trays of each
model in order to study the parameters on the lateral and medial parts.

5.2.3 Finite element modeling of the insert

The inserts were divided in three parts: the medial, lateral and middle. The parameters of interest
were studied on the medial and lateral parts corresponding respectively to the medial and lateral
tibial plates. The partitioning planes were chosen according to the insert of each model.

For the FB CCK prosthesis, the partitioning planes were taken tangent to the peg of the insert.
For the FB PS and mobile bearing prostheses, the partitioning planes were constructed based on
already existing lines in the geometry of the insert. The partitioning applied to the insert of each
model is illustrated in Figure 5.1.

(a) MB CR insert (b) MB CR (c) FB PS insert (d) FB CCK insert
ultracongruent insert

Figure 5.1: Illustration of the partitioning of the inserts

The total number of nodes and elements used in the finite element modeling of the tibial tray for
each type of prosthesis in the three studied configurations can be found in Table 5.3.
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Table 5.3: Number of nodes and elements used in the finite element model of the insert for the
four models of prostheses considered in each studied configuration

Number of nodes Number of elements
0° | 30° ] 90° || 0° | 30° | 90°
MB CR 6770 | 6770 | 6770 || 32483 | 32483 | 32483
MB CR ultra || 6251 | 6251 | 6251 || 29824 | 29824 | 29824
FB PS 6921 | 6856 | 6856 || 27925 | 32480 | 32480
FB CCK 7077 | 7077 | 7077 || 34222 | 34222 | 34222

Model

5.2.4 Finite element modeling of the femur model

The geometry of the femur model is simplified using the Virtual topology tool by combining all the
faces together on the cortical as well as the cancellous part, excepting for the ones representing the
medial and lateral epicondyle. The final model of the femur presents about 23000 linear tetrahedral
elements and 5000 nodes.

Figure 5.2: Process to obtain the final meshed femur model; A: Femur model initial geometry - B:
Virtual topology - C: Generation of the mesh on the femur model

5.2.5 Finite element modeling of the tibial model

Due to the gross initial geometry of the tibial model, meshing the part as it is would produce a
coarse mesh. The virtual topology tool was used to simplify the tibial geometry by combining
faces or edges and ignoring some entities such as sharp angles in order to obtain a finer mesh.

The tibial model is first partitioned into its lateral and medial part with the use of the medio-
lateral plane. Two other planes are constructed on the tibial model, one located at 5 mm from
the top of the tibial model, and another one located at 30mm from the top of the tibial model.
Those two planes are used to partition the tibia into its proximal (first 5 mm zone) and distal parts
(20mm zone). The mesh is then generated individually on each partitioned part. The element
size is chosen in order to obtain a finer mesh at the regions of interest (proximal and distal tibia)
and a coarse mesh at the end of the tibial bone, as the results do not need to be precise in this zone.
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For the mobile bearing models, the final model of the tibia presents about 60000 linear tetrahedral
elements and about 12000 nodes. For the FB CCK and the FB PS models, the final model of the

tibia presents about 100000 linear tetrahedral elements and 19000 nodes.

Virtual topology 3

Suoniuey

Proximal zone {Smm)

Distal zone {20mm)

5
|yl
N
N
Z |
]
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|

Figure 5.3: Process to obtain the final meshed tibial model; A: Tibial model initial geometry - B:
Virtual topology - C: Definition of the partition planes and cell partition - D: Generation of the

mesh on the tibial model
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5.3 Regions of interest and output

Four regions of interest were defined on the tibia:

« two local regions close to the tibial tray: the medial and lateral proximal zone (investigated
with a depth of 5mm);

« and two global regions located at 30mm from the top of the tibia: the medial and lateral
distal zone (investigated with a depth of 20 mm).

Those two regions were selected to compare the stress distribution in the proximal and distal tibial
bone (on both medial and lateral sides) for the four prosthesis models in the different configurations.
The four regions of interest in the tibia are illustrated in Figure 5.4.

a) b) c) d)

Figure 5.4: Regions of interest analyzed in the tibia: a) lateral proximal zone; b) medial proximal
zone; c) lateral distal zone, and d) medial distal zone

As explained before, the insert of the different models was partitioned in three regions: the lateral,
medial and middle regions. The regions of interest on which the parameters were studied were the
medial and lateral tibial plates which are illustrated in the Figure 5.5 for each model.

40



CHAPTER 5. FINITE ELEMENT ANALYSIS

Figure 5.5: Regions of interest analyzed in the insert: M: medial tibial plate, L: lateral tibial plate
for the A: MB CR insert; B: MB CR ultracongruent insert; C: FB CCK insert, and D: FB PS

insert

For all the models in the studied configurations, the output that are requested are the followings:

the medial and lateral contact areas between the femoral component and the tibial insert;
the medial and lateral von Mises stresses taken by the tibial insert;

the medial and lateral von Mises stresses taken by the tibial cortical bone in the proximal
zone;

the medial and lateral von Mises stresses taken by both cortical and cancellous tibial bone
in the proximal zone;

the medial and lateral von Mises stresses taken by the tibial cortical bone in the distal zone;

and the medial and lateral von Mises stresses taken by both cortical and cancellous tibial
bone in the distal zone.
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Simulations

6.1 Abaqus solvers

Abaqus contains two solvers to solve structural problems: Abaqus/standard and Abaqus/ explicit.
The first one uses implicit methods to solve linear and nonlinear problems whereas the second one
uses explicit methods.

6.2 Static analysis

A static analysis is implicit by definition. The static response only considers the behavior of the
system once all the loads are completely applied to the structure and ignores the in-between be-
havior. The static general step does not take into account the inertial effects and is therefore not
suitable to dynamic problems as they are highly dependent on inertia.

A static analysis was first performed on the models containing only the prosthesis components
(without the bones and ligaments) at the three different flexion angles in order to see if the con-
vergence was reached.

The problem was divided in two steps: the initial one in which all the initial conditions such as the
boundary conditions are applied and the first step in which the load is applied. A linear amplitude
was defined in order to apply the force progressively on the femoral component instead of applying
all the load instantaneously. During the simulation, each step is divided in several time increments
which are solved by the solver from the first to the last one. The time incrementation can be
either fixed or controlled automatically by Abaqus/Standard. An automatic type of incrementa-
tion was chosen allowing Abaqus/Standard to determine the size of the time increments based on
computational efficiency. For each increment, the convergence is checked. If the solver can reach
the convergence easily, the increment size is increased and the solver jump to the next increment
whereas if it is difficult for the solver to reach convergence or it is not reached at all, the solver
reduces the increment size and reiterates the increment until convergence is reached. When the
maximum increment size is reached, the simulation is completed and stops whereas if the minimum
increment size value is reached, the simulation stops before completion.

The time period was set to 1. Since Abaqus has no default system unit, it is a user choice. The
three base units: length/mass/time chosen were : [mm/ton/s|. All the material properties and
loads were therefore defined using this system unit. The time period of 1 means that it requires 1
second for the load to be totally applied on the system. The initial increment size, minimal incre-
ment size, and maximum number of increments were respectively set to 1072, 107¢ and 10%. The
simulation stopped before completion, displaying an error message saying that the displacement
increment for contact was too big. The values of the initial increment size, minimal increment
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and maximum number of increments were therefore adjusted. The initial increment size as well
as the minimal increment size were therefore reduced respectively up to 107° and 107!6 whereas
the maximum number of increments was increased up to 10°. However, even with those modifi-
cations, the simulation stopped after completing a few increments with a very high simulation time.

Convergence was never reached with the static analysis. Even increasing the maximal number
of increments and decreasing the minimal increment size would not help reach the convergence.
Indeed, in the static analysis, the femoral component needs to be perfectly positioned with respect
to the tibial insert for the contact to occur during the simulation.

6.3 Static analysis with damping factor

One of the most common cause of non-convergence is the presence of instability. The static anal-
ysis was then performed adding a damping factor. The applied damping factor can be constant
through the step or vary with time taking into account the changes occurring over the course of a
step. This one was chosen to be constant over the duration of a step. This one allows to decrease
the simulation time, with bigger time increment and therefore reducing the convergence issues.
The damping factor used was the default parameter one: 0.0002. This value is appropriate for the
study and does not need to be changed.

The time period was also set to 1. Several values of initial increment size, minimal increment size,
and maximum number of increments were tested. The ultimate initial increment size, minimal
increment size, and maximum number of increments were respectively set to 1072, 1072 and 106.
Even with the use of the damping factor, it was hard to reach convergence with the static analysis.
The solution was to use Abaqus/explicit as no convergence issues will be encountered.

6.4 Dynamic explicit analysis

The dynamic explicit analysis was used so that during the simulation, the femoral component
can adjust its position with respect to the tibial insert. At the end of the simulation, the femoral
component reaches its equilibrium position and the contact with the insert is optimal. The dynamic
explicit analysis was first performed on the models containing only the prosthesis components.
Since the convergence was reached with those models, the dynamic explicit simulations were then
performed on the total models.

6.4.1 Choice of the mass scaling

The mass scaling is used to scale the mass of the entire model at the beginning of each step. When
the mass scaling factor is applied, the masses of the elements with a time increment inferior to
the user-supplied time increment are scaled so that the time increment of those elements becomes
equal to the user-supplied time increment.

Simulations were carried out on one model, the normal mobile bearing cruciate retaining knee, in
the full-extension configuration with mass scaling values ranging from 10~* to 107% to determine
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the optimal value to apply to the different models in all the studied configurations. The different
mass scaling values that were tested are gathered in the Table 6.1.

Table 6.1: Mass scaling values

Mass scaling
A B C D E F
5x 1074 [ 107* | 5x 107 [ 107 | 5x 107° | 107

The parameters that were considered are the average of the output:

» the medial and lateral average contact areas between the femoral component and the tibial
insert;

o the medial and lateral average von Mises stresses taken by the tibial insert;

o the medial and lateral average von Mises stresses taken by the tibial cortical bone in the
proximal zone;

o the medial and lateral average von Mises stresses taken by both cortical and cancellous tibial
bone in the proximal zone;

o the medial and lateral average von Mises stresses taken by the tibial cortical bone in the
distal zone;

o and the medial and lateral average von Mises stresses taken by both cortical and cancellous
tibial bone in the distal zone;

as well as the simulation time. As it can be seen in Figure 6.7, the computational time increases
with the reduction of the mass scaling value. The goal is to find a mass scaling value for which

convergence is reached with an acceptable simulation time. The mass scaling value chosen was of
107°.
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B Medial B Lateral

A B & D E F

Figure 6.1: Medial and lateral average contact area on the insert for the normal mobile bearing
model in the full-extension configuration with A, B, C, D, E, F corresponding to the mass scaling
defined in Table 6.1.
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Figure 6.2: Medial and lateral average von Mises stresses of the insert for the normal mobile
bearing model in the full-extension configuration with A, B, C, D, E, F corresponding to the mass
scaling defined in Table 6.1.
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Figure 6.3: Medial and lateral average von Mises stresses of the cortical tibia in the proximal
region for the normal mobile bearing model in the full-extension configuration with A, B, C, D,
E, F corresponding to the mass scaling defined in Table 6.1.
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Figure 6.4: Medial and lateral average von Mises stresses of the cortical tibia in the distal region
for the normal mobile bearing model in the full-extension configuration with A, B, C, D, E, F
corresponding to the mass scaling defined in Table 6.1.
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Figure 6.5: Medial and lateral average von Mises stresses of the tibial bone (cortical and cancellous)
in the proximal region for the normal mobile bearing model in the full-extension configuration with
A, B, C, D, E, F corresponding to the mass scaling defined in Table 6.1.
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Figure 6.6: Medial and lateral average von Mises stresses of the tibial bone (cortical and cancellous)
in the distal region for the normal mobile bearing model in the full-extension configuration with
A, B, C, D, E, F corresponding to the mass scaling defined in Table 6.1.
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Figure 6.7: Simulation time for the normal mobile bearing model in the full-extension configuration
with A, B, C, D, E, F corresponding to the mass scaling defined in Table 6.1.
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— Chapter 7
Results and discussion

7.1 Quantitative results

7.1.1 Average contact area on the insert

Figure 7.1 reports a graphical overview of the average medial and lateral contact area on the insert
for all the considered models in the studied configurations. In all the configurations, the greatest
medial and lateral contact areas are found for the mobile bearing ultracongruent insert. Indeed,
the surface of the ultracongruent insert is designed to have a maximal contact between the femoral
component and the insert.

For all the models in the full-extension configuration, the medial average contact area is lower
than the lateral average contact area. In opposition to the previous configuration, the gait one
exhibits equivalent medial and lateral contact areas. Regarding the chair-rise configuration, the
medial average contact area is slighty greater than the lateral average contact area for the mobile
bearing models whereas the medial and lateral average contact areas are similar for the fixed bear-
ing models.

In every configuration, there is a general tendency showing very high contact areas for the ul-
tracongruent mobile bearing model, high contact areas for the normal mobile bearing model and
small ones for both fixed bearing models. In the full-extension configuration, the contact areas
of the ultracongruent mobile bearing model are twice as high as the values of the normal bearing
model which in turn are twice as high as the values of the fixed bearing models. In the gait and
chair-rise configuration, the difference between both mobile bearing models is not as important as
in the first configuration. Nevertheless, the values of the normal bearing model remain more than
twice as high as the values of the fixed bearing models.

For all the models, the gait configuration presents the highest contact areas whereas the chair-rise
configuration presents the lowest contact areas.
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Figure 7.1: Medial (M) and lateral (L) average contact area on the insert for the models - A: MB
CR model; B: MB CR ultracongruent model; C: FB PS model; D: FB CCK model in the 0°, 30°
and 90° of flexion configuration.

50



CHAPTER 7. RESULTS AND DISCUSSION

7.1.2 von Mises stresses taken by the insert

7.1.2.1 Average von Mises stresses taken by the insert

Figure 7.2 reports a graphical overview of the average medial and lateral von Mises stresses taken
by the insert for all the considered models in the studied configurations. The highest medial and
lateral von Mises stresses are observed for the FB CCK model in the gait configuration.

The chair-rise configuration shows the lowest von Mises stresses for all the models with the stress
values in this configuration being half of the stress values in the two other ones. In the full-extension
configuration, the average medial and lateral von Mises stresses taken by the inserts stay in the
same range of values for all the models except for the FB PS insert which shows a higher medial
value. The medial and lateral stress values are very close for the gait configuration except for the
FB CCK insert which present higher medial and lateral stresses. In the chair-rise configuration,
similar values are observed for all the models except for the FB PS which presents higher values.
In each studied configuration, there is no significant difference between the models.
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Figure 7.2: Medial (M) and lateral (L) average VM stresses taken by the insert - A: MB CR model,
B: MB CR ultracongruent model; C: FB PS model; D: FB CCK model in the 0°, 30° and 90° of

flexion configuration.
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7.1.2.2 Maximal von Mises stresses taken by the insert

Figure 7.2 reports a graphical overview of the maximal medial and lateral von Mises stresses taken
by the insert for all the considered models in the studied configurations.

In the full-extension configuration, the insert undergoing the maximal medial and lateral stresses
is the one of the FB PS model with the maximal values being twice as high as the ones of the
other models. In the gait configuration, the CCK insert shows the highest maximal medial and
lateral stresses. However, the maximal stresses taken by the CCK insert remain close to the ones
taken by the other inserts. In the chair-rise configuration, the fixed bearing inserts are subjected
to the maximal stresses.

For each configuration, the medial maximal stresses for each model are equivalent to the lateral
ones.
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Figure 7.3: Medial (M) and lateral (L) maximal VM stresses taken by the insert - A: MB CR
model; B: MB CR ultracongruent model; C: FB PS model; D: FB CCK model in the 0°, 30° and
90° of flexion configuration.
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7.1.3 von Mises stresses taken by the cortical tibia in the proximal
zone

Figure 7.4 reports a graphical overview of the average medial and lateral von Mises stresses taken
by the cortical tibia in the proximal zone for all the considered models in the studied configura-
tions. The lowest average medial and lateral von Mises stresses for all the models are reported for
the chair-rise configuration whereas the highest average von Mises stresses are found in the gait
configuration. The highest average von Mises stress value is observed for the FB CCK model in
the medial proximal tibia in the gait configuration. The second highest average von Mises stress
value is reported in the medial proximal tibia for the mobile bearing ultracongruent model in the
full-extension configuration.

For all the configurations, there is a general trend showing that the medial average von Mises
stresses for all the models are higher than the lateral average von Mises stresses. The differ-
ence between the medial and lateral values is more marked for the fixed bearing models in the
full-extension and gait configurations. In the chair-rise configuration, the difference between the
medial and lateral von Mises average values for those two models becomes negligible.

For all the configurations, the stresses are slightly higher for the mobile bearing model with the
ultracongruent insert compared to the normal mobile bearing model. The stresses of the fixed
bearing are almost the same in all configurations except for the gait one in which the stress val-
ues are slighltly higher for the FB CCK model. Moreover, the cortical distal tibial stresses are
slighltly higher for the mobile bearing models compared to the fixed bearing models in the first
two configurations and then become equivalent in the chair-rise configuration.

The impact of the different models of prosthesis on the tibia is more marked on the proximal zone
compared to the distal one. Indeed, the difference in the average von Mises stresses between the
models for the same configuration and for the same model in the different configurations is more
noticeable in the proximal zone.
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Figure 7.4: Medial (M) and lateral (L) average VM stresses taken by the cortical tibia in the
proximal zone for - A: MB CR model; B: MB CR ultracongruent model; C: FB PS model; D: FB
CCK model in the 0°, 30 and 90° of flexion configuration.
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7.1.4 von Mises stresses taken by the cortical tibia in the distal zone

Figure 7.5 reports a graphical overview of the average medial and lateral von Mises stresses taken
by the cortical tibia in the distal zone for all the considered models in the studied configurations.
The highest average von Mises stresses for all models values are reported for the full-extension
configuration whereas the lowest average von Mises stresses for all models values are found in the
chair-rise configuration. For all the models in the different configurations, the medial stresses are
higher than the lateral ones. The two mobile bearing models present equivalent values in each
configuration.

The different models have similar medial values and similar lateral values in the full-extension
configuration. In the gait configuration, the medial and lateral values of the mobile bearing models
are slightly higher than the ones of the FB CCK which are in turn slightly higher than the ones of
the FB PS model. In the chair-rise configuration, the values of the fixed bearing model are slightly
higher to the ones of both mobile bearing models, and this difference is more noticeable in the
lateral values.
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Figure 7.5: Medial (M) and lateral (L) average VM stresses taken by the cortical tibia in the distal
zone for - A: MB CR model; B: MB CR ultracongruent model; C: FB PS model; D: FB CCK
model in the 0°, 30° and 90° of flexion configuration.

For all the models in the different configurations, the average medial and lateral von Mises stress
values are higher in the distal zone than in the proximal zone. In the distal zone, for each config-
uration, the stresses are more similar between the models as opposed to the proximal zone where
the difference is more important in the average values between the models.
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7.1.5 von Mises stresses taken by the tibial bone (cortical and cancel-
lous) in the proximal zone

Figure 7.6 reports a graphical overview of the average medial and lateral von Mises stresses taken
by the tibial bone in the proximal zone for all the considered models in the studied configurations.
For all the models in the different configurations, the average stress values are lower for the tibial
bone compared to the cortical tibia in the proximal zone. This difference comes from the fact that
the average of the von Mises stresses is realized on a region containing both cortical and cancellous
bone with the cancellous bone region being larger than the cortical one with lower von Mises stress
values.

The highest average von Mises stresses for all models values are reported for the full-extension
configuration (whose values for all models are very similar to the gait configuration) whereas the
lowest average von Mises stresses for all models values are found in the chair-rise configuration.

In the full-extension configuration, the medial and lateral values are similar for all models. This
trend is also observed in the chair-rise configuration. The gait configuration exhibits greater medial
values compared to the lateral ones.

Regardless of the configuration, the mobile bearing model with the ultracongruent insert presents
slightly higher values compared to the normal bearing model. For all the configurations excepting
the gait one, the fixed bearing models show almost identical values. Indeed, the gait configuration
show slightly higher stresses for the FB CCK model compared to the FB PS model. Furthermore,
in each configuration, the difference in the stress values between the mobile bearing and fixed
bearing models is barely noticeable.

In opposition to the proximal cortical tibial region, for all the models in the different configurations,
the difference between the medial and lateral values is negligible. As opposed to the proximal
cortical tibial region which present a slight difference in the average values between the models,
the proximal tibial region shows more similar values between the models for each configuration.
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Figure 7.6: Medial (M) and lateral (L) average VM stresses taken by the tibial bone (cortical and
cancellous) in the proximal zone for - A: MB CR model; B: MB CR ultracongruent model; C: FB
PS model; D: FB CCK model in the 0°, 30° and 90° of flexion configuration.
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7.1.6 von Mises stresses taken by the the tibial bone (cortical and
cancellous) in the distal zone

Figure 7.7 reports a graphical overview of the average medial and lateral von Mises stresses taken
by the tibial bone in the distal zone for all the considered models in the studied configurations.
The highest average von Mises stresses for all models values are reported for the full-extension
configuration whereas the lowest average von Mises stresses for all models values are found in the
chair-rise configuration.

The medial values for all models are greater than the lateral ones in all the configurations. The
difference in the values between the mobile bearing models is negligible in every configuration. The
mobile bearing models show higher medial values than the fixed bearing models regardless of the
studied configuration. This difference is more important in the full-extension and gait configuration
and becomes negligible in the chair-rise configuration. The lateral values are slightly higher for
the mobile bearing models in the two first configurations but in the third one, this tendency is
reversed. The first two configurations show similar medial values and similar lateral values for
each model.
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Figure 7.7: Medial (M) and lateral (L) average VM stresses taken by the tibial bone (cortical and
cancellous) in the distal zone for - A: MB CR model; B: MB CR ultracongruent model; C: FB PS
model; D: FB CCK model in the 0°, 30° and 90° of flexion configuration.

Compared to the proximal tibial region, the distal tibial region presents higher average von Mises
stress values for the same model in the different configurations as well as for the different models
in the the same configuration. As opposed to the proximal tibial and distal cortical regions which
show very similar values between the fixed and mobile bearing models, in the tibial distal zone,
the difference between the fixed and mobile bearing models is more marked, especially in the first
two configurations.
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7.2 Qualitative results
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Figure 7.8: Graphical overview of the von Mises stress in the insert for all the considered models in
the three different configurations: full-extension (0° of flexion); gait (30° of flexion) and chair-rise

(90° of flexion). A=anterior; P=posterior; M=medial; L=lateral.
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Figure 7.9: Graphical overview of the von Mises stress taken by the tibia in the proximal zone for
all the considered models in the three different configurations: full-extension (0° of flexion); gait
(30° of flexion) and chair-rise (90° of flexion). A=anterior; P=posterior; M=medial; L=lateral.
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Figure 7.10: Graphical overview of the von Mises stress taken by the tibia in the distal zone for
all the considered models in the three different configurations: full-extension (0° of flexion); gait
(30° of flexion) and chair-rise (90° of flexion). A=anterior; P=posterior; M=medial, L=lateral.
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Figure 7.11: Graphical overview of the von Mises stress along the tibial bone for all the considered
models in the three different configurations: full-extension (0° of flexion); gait (30° of flexion) and
chair-rise (90° of flexion). A=anterior; P=posterior; M=medial; L=lateral.

62



CHAPTER 7. RESULTS AND DISCUSSION

7.2.1 von Mises stresses taken by the insert

As it can be seen in Figure 7.8, the middle regions of both mobile bearing inserts present peak
values (up to 40 [MPa]). The majority of the insert is submitted to stress for those models in
the full-extension and gait configuration. Regarding the fixed bearing models in the full-extension
configuration, the stress is distributed symmetrically on both medial and lateral center part of the
insert. The proportion of insert subjected to stress for the fixed bearing models becomes more
important in the gait configuration compared to the previous one. In the chair-rise configuration,
this one is less important than in the two previous configurations. Furthermore, the stress location
changes with the configuration, becoming more anterior in the gait configuration and more posterior
in the chair-rise configuration. The chair-rise configuration present the lowest contact areas among
the different configurations, with similar contact areas for all the models. For both mobile bearing
models, the stress is distributed at the center part of the insert whereas for the fixed bearing
models, the stress is located more posteriorly. The highest stress values are found for the fixed
bearing PS model in the full-extension configuration.

7.2.2 von Mises stresses taken by the tibia in the proximal zone

As it can be seen in Figure 7.9, for all the models in the full-extension configuration, the stress
distribution is similar and mainly located on the cortical bone. In the gait configuration, the stress
is also mainly distributed on the cortical bone with the highest values located on the anterior part
of the cortical tibia. In the last configuration, the stress is mainly situated on the posterior part
of the cortical tibia with the anterior part quite not subjected to stress.

In the proximal part of the tibia, the highest stress values are observed in the gait configuration in
the anterior cortical zone. Furthermore, it is the cortical bone that is taking the majority of the
stress.

7.2.3 von Mises stresses taken by the tibia in the distal zone

As it can be seen in Figure 7.10, in the full-extension configuration, all the models present a similar
distribution of stress, with the highest stress values located in the posterior part of the cortical
bone. In the gait configuration, the stress is uniformly distributed in the cortical distal tibia for
both mobile bearing models. In this configuration, the stress distribution is also similar for the
fixed bearing models with a peak of stress located on the medial cortical part. In the chair-rise
configurations, for all the models, it is the posterior part of the cortical tibia that is taking the
most of the stress.
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7.2.4 von Mises stresses taken along the tibia

As it can be seen in Figure 7.11, in each configuration, both mobile bearing models exhibit a
very similar stress distribution along the tibial bone. This tendency is also observed for the fixed
bearing models. Both mobile bearing models in the full-extension configuration present the same
stress distribution, with the stress being very low in the proximal zone and progressively increasing
to become high in the distal zone and then decreasing to become very low at the end of the tibial
bone. For the fixed bearing models in the full-extension configuration, the stress distribution varies
along the tibia, being very low in the proximal zone, slightly higher in the distal zone and very
high from the end of the distal zone to the end of the tibia. The stress distribution is practically
the same for both mobile bearing models in the gait and chair-rise configuration, with a very low
stress concentration the proximal zone and the stress being uniformely distributed along the rest
of the tibial bone. A similar same stress distribution is observed in the case of the fixed bearing
models in the gait configuration but with a concentration of stress slightly higher at the end of
the tibial bone. For the fixed bearing models in the chair-rise configuration, the stress is very low
in the proximal zone and slightly higher in the distal zone, then progressively increasing from the
end of the distal zone to the end of the tibia to become very high at end of the tibial bone. When
Increasing the level of constraint: going from the mobile bearing models (less constrained) to the
fixed bearing models (more constrained), higher stress values are observed along the tibial bone.
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— Chapter 8
Validation, limitations and
comparison with previous studies

8.1 Limitations

The soft-tissues such as the muscles were not implemented in the different models but were con-
sidered when applying the loading conditions.

The ligaments were modeled as beams which is a common approach in the literature and in previ-
ously validated ligaments models [68]. All the material models (bony structures as well as the soft
tissues) were assumed to be linear elastic and homogeneous even though the cortical and cancellous
bone present spatial inhomogeneity in their properties [78]. Another simplification of the study
was to consider the behavior of the polyethylene as linear elastic without taking into account the
plastic region. The local value of stress could be overestimated under plasticization [75].

The material properties considered for both cortical and cancellous bones correspond to those of
an healthy bone and the alteration due to osteoporosis was not taken into account. Moreover, the
bone models didn’t take in consideration any variation of the bone anatomy and bone deformity
that could alter the final TKA outcome [79], [80]. However, this approach is commonly used when
modeling clinical situations in the biomechanical field [67], [75], [81], [82].

In this study, the positioning and the alignement of the prosthetic components were assumed to be
ideal during the simulations, ignoring the possible post-operative misalignments occurring during
TKA surgeries [83]. The tibio-femoral position should also be taken into account in the output as
it greatly influences the kinematics of the prosthetic knee and modify the obtained results.

Nevertheless, the main aim of this study was to compare the different levels of constraint in the
various loading conditions fixing all the parameters and using the same approach. Consequently,
those limitations should not be considered as an issue.

8.2 Validation and comparison with previous studies

This study is difficult to compare with the literature. Indeed, similar stress distributions can be
highlighted, but one must be careful when comparing the values due to the possible difference in
the materials models, considered material properties, loading and boundary conditions, studied
configurations and prosthetic implant which may present a different topology due to the company’s
specific design features.

65



CHAPTER 8. VALIDATION, LIMITATIONS AND COMPARISON WITH PREVIOUS
STUDIES

The von Mises stresses taken by the cortical tibia in the proximal and distal zone for the MB
CR knee stay in the same range of values as those obtained in a previous study [67]. The stress
distribution observed on the proximal region of the tibia for the FB PS in the full-extension config-
uration is compatible with the one obtained in another literature study [63], with the majority of
the stress taken by the cortical tibia. In another paper [70], similar contact areas are found for the
MB CR ultracongruent knee and the FB PS knee. This one exhibits the same tendency with very
high average contact areas for the MB CR ultraconguent model and lower ones for the FB PS knee.
In a previous litterature study [75], different stress distributions are found in the proximal region
of the tibia and on the insert in the case of a MB CR knee in the full-extension configuration. In
opposition to the results obtained in this work, the stress is not distributed symmetrically on the
medial and lateral part of the insert, being more anterior in the medial part and presenting higher
values. Additionally, the stress distribution on the proximal region of the tibia is not symmetrical,
covering a larger medial region and being more important on the cancellous bone compared to the
cortical tibial bone.
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— Chapter 9
Conclusions

The purpose of this study was to compare the biomechanical behaviour of four total knee prosthe-
ses with different levels of constraints in a patient-specific TKA using finite element analysis and
validate/invalidate the choice of implant made by the surgeon Gianluca Castellarin for this patient.
The knee joint of the patient was modeled with the four different types of prostheses in three con-
figurations (full-extension, gait and chair-rise) and finite element simulations were carried on those
models. The output extracted and the results analyzed from those simulations include the contacts
areas on the insert, the von Mises stresses taken by the insert and by the tibia (in different regions).

The conclusions that can be deduced of the results are the followings.

Of all the models in the different configurations, the mobile bearing models present the best con-
straints regarding all the studied parameters with respect to the other models. In addition, the
difference in the average stress values between both mobile bearing models, or between both fixed
bearing models is insignificant. The first relevant difference is observed between the mobile and
fixed bearing models. The position of the contact points and the contact areas are significantly
different between the mobile and fixed models in the different loading conditions but remain ac-
ceptable. Moreover, the different models exhibit a symmetrical medial and lateral distribution
of the contact areas, which is not always the case. In each configuration, the distribution of the
stress on the different zones of the tibia (proximal, distal, cortical, total) is relatively homogeneous
between the models. Changing the prosthetic implant would therefore not induce a big variation
of the stress distribution in the different regions of the tibial bone. However, it would significantly
change the distribution of stress at the interface between the prosthetic components (tibial insert
and femoral component).

Based on the von Mises stresses taken by the prostheses’s components and the tibia, the mobile
bearing cruciate retaining knee is the best implant option which corresponds to the prosthesis
implanted on the patient by the surgeon Gianluca Castellarin. The result of the study confirms
that the choice made by the surgeon to preserve the PCL and rely on it to ensure the stability of
the knee was the best one.
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Annex

10.1 Mobile bearing cruciate retaining knee (normal and
ultracongruent)

Figure 10.1: Mobile bearing cruciate retaining knee - femoral component: a) before - b) after the
refinement of the geometry

Figure 10.2: Mobile bearing cruciate retaining knee - insert: a) before - b) after the refinement of
the geometry
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Figure 10.3: Mobile bearing cruciate retaining ultracongruent knee - insert: a) before - b) after
the refinement of the geometry

Figure 10.4: Mobile bearing cruciate retaining knee - tibial tray: a) before - b) after the refinement
of the geometry

10.2 Fixed bearing posterior stabilized knee

Figure 10.5: Fixed bearing posterior stabilized knee - femoral component: a) before - b) after the
refinement of the geometry
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Figure 10.6: Fixed bearing posterior stabilized knee - insert: a) before - b) after the refinement of
the geometry

Figure 10.7: Fixed bearing posterior stabilized knee - tibial tray: a) before - b) after the refinement
of the geometry
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10.3 Fixed bearing constrained condylar knee

Figure 10.8: Fixed bearing constrained condylar knee - femoral component: a) before - b) after
the refinement of the geometry

Figure 10.9: Fixed bearing constrained condylar knee - insert: a) before - b) after the refinement
of the geometry
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Figure 10.10: Fixed bearing constrained condylar knee - tibial tray: a) before - b) after the
refinement of the geometry

10.4 Model of the femur
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(a) Posterior view of the femur (b) Anterior view of the femur

Figure 10.11: Femur model
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10.5 Model of the tibia

(a) Posterior view of the tibial (b) Anterior view of the tibial  (c) Superior view of the tibial
model model model

Figure 10.12: Tibia model
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