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Abstract
Abstract

Nowadays, quantity of affected patients of hip joint diseases increases. The Femoroace-
tabular Impingement (FAI) and the Femoral Head Necrosis (FHN) are common diseases,
which can lead to a total hip replacement when they are not treated at all.

In literature is stated, that FAI is caused by an abnormal contact between the proximal
femur and the acetabular rim, which leads to pain, limitation of movement, and long-term
damage of the cartilage. The reason for this is a bony deformity which occurs either at the
femoral head (cam-type) or at the acetabular rim (pincer) or combined. The treatment
is an arthroscopic surgery in which the bones are shaped. The aim of this study is the
development of a patient-individual model which combines motion capture, pain detection,
MR-Imaging, FEM and multi-body simulations as well as to navigate the bone removal
surgery.

In this study, patient-individual hip joint models (6 patients) are generated based on MRI
data. The detection of FAT is performed using a Motion Capture system. During the ex-
amination by the physician, the patient is lying in a dorsal position labeled with markers
for the marker-based motion tracking. The pain is measured using a pressure detecting
bellow simultaneously. MRI data of acetabulum, femur, and labrum are manually segmen-
ted and CAD and FEM models are generated. Finally, the CAD model is synchronized
with the gait lab’s motion data using the maximum angles and simulated in ANSY'S with
appropriate material properties.

This method is able to visualize and quantify the joint movement of the hip joint. Ne-
vertheless, a contact between labrum and femur could be identified and correlates to the
patient’s pain. A contact of the bony parts could not be detected. This procedure is
performed before and after the surgery to evaluate the surgical outcome. Additional pa-
rameter, e.g., Alpha-Angle, an angle between the femoral neck axis and a line connecting
the head center with the point of beginning asphericity of the head-neck contour, etc. are
used for comparison.

In the future, a standardization of this method can optimize the the planing and the
surgical outcome of the bony reduction to guarantee no squeezing of the labrum. A
navigation-controlled surgery can help to perform an ideal bone reduction.

The FHN is a disease, which leads to the death of the femoral head after a trauma. An
early diagnosis of this disease is essential to avoid joint destruction and to preserve the
hip joint.

One possible treatment is the Advanced Core Decompression (ACD), in which a drilling
is performed starting from the greater trochanter to the mass point of the necrotic area

to achieve a decompression. For a healing of the hip, a complete removal of the necrotic
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Abstract

area is important.

In this study, FEM simulations (190 patients) are used to determine the drilling angles, in
which the occurring stresses due to normal walking or downstairs walking are minimal. For
this purpose, MRI and CT data are segmented to generate a patient-individual hip model.
Furthermore, a neural network is generated to predict the occurring stresses. Additionally,
the drilling should be adapted regarding best possible removal using specified surgical
instrument.

In the future, FEM simulations should not be necessary to determine occurring stresses
during walking anymore. The goal of this study is to determine the optimal drilling
regarding the lowest occurring stresses and the best possible removal of the necrotic area

and, hence, a navigation-controlled surgery.
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Zusammenfassung

Zusammenfassung

Die Anzahl der betroffenen Menschen, die unter Krankheiten am Hiiftgelenk leiden, wéchst
stetig an und so leider auch die Anzahl der Hiiftgelenkstotalendoprothetik Operationen.
Die Krankheit des Femoroacetabuliren Impingements (FAI) und der Femurkopfnekrose
(FKN) sind in den letzten Jahren immer prisenter und erfordern bei Nichtbehandlung
einen kiinstlichen Gelenkersatz.

In der Literatur ist festgehalten, dass es sich beim FAI um eine Funktionsstorung handelt,
bei der es zu einem unphysiologischen Knochenkontakt zwischen proximalen Femur und
dem Acetabulumrand kommt, welcher zu Schmerzen inklusiver Bewegungseinschrankung
fithrt. Mit Hilfe eines arthroskopischen Eingriffs wird die Funktion des Gelenks wieder
hergestellt.

In dieser Arbeit werden patienten-individuelle Hiiftmodelle aus MRT-Daten entwickelt, um
mit Hilfe von FEM- und Mehrkdrpersimulationen mégliche Therapieerfolge zu maximie-
ren. Das Bewegungsausmaf des Patienten und die maximal erreichbaren Winkel inbegriffen
werden per Motion Capture System ermittelt. MRT-Daten von Acetabulum, Femur und
Labrum werden manuell segmentiert und CAD- sowie FEM-Modelle generiert. Die Bewe-
gung der Knochen wird anschliefend mit Hilfe der maximalen Winkeln aus dem Motion
Capture System in ANSYS mit geeigneten Materialeigenschaften simuliert.

Mit dieser Methode ist eine patientenindividuelle Erstellung eines Hiiftmodells und die
Visualisierung und Quantifizierung der Gelenkbewegung des Gelenks méglich. Ein Kontakt
zwischen den knochernen Gelenkpartnern konnte nicht festgestellt werden, jedoch kommt
es zu einem deutlichen Kontakt von Labrum und Femurknochen. Der Winkelbereich, bei
dem der Schmerztaster betatigt wurde, korreliert mit dem Kontakt in der Simulation.
Diese Prozedur wird vor und nach dem chirurgischen Eingriff durchgefiihrt und so wird
das Resultat objektiv bewertet. Zusitzlich werden die typischen FAI Parameter, wie Alpha
Winkel etc. zum Vergleich herangezogen.

Diese Methode sollte zukiinftig standardisiert werden, um den operativen Eingriff besser zu
planen und die Reduktion der knéchernen Uberbauten am Femurhals optimal zu entfernen,
sodass es nicht mehr zur einer Quetschung des Labrums kommt. Eine navigationsgestiitzte
Operation sollte hierbei eingesetzt werden.

Bei der FKN handelt es sich um eine Krankheit, bei der es zu einem Absterben des
Femurkopfes kommt, meist ausgehend von einem Trauma. Eine frithe Diagnose dieser
Krankheit ist essentiell, um eine Gelenkdestruktion zu vermeiden und das Hiiftgelenk zu
erhalten.

Die Advanced Core Decompression (ACD), bei der vom Trochanter Major in den Hiiftkopf

gebohrt wird, um eine Druckentlastung zu erreichen und das Nekroseareal zu entfernen,

XII Biomechanical Modeling and Numerical Simulation of minimal-invasive Treatment of Hip Joint Diseases

216.73.216.36, am 21.01.2026, 03:28:22. Inhalt.
tersagt, m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186295170

Zusammenfassung

hat sich bei dieser Krankheit als sehr gute Therapiemdglichkeit herausgestellt. Um diese
Krankheit zu heilen, ist jedoch eine groftmogliche Nekroseausraumung von grofer Bedeu-
tung, damit diese sich nicht erneut ausbreitet.

In dieser Arbeit werden mit Hilfe von FEM Simulationen die Winkel bestimmt, bei de-
nen die Belastung bei normalem Gehen oder Treppenabsteigen am geringsten sind. Dazu
werden aus MRT- und CT-Daten patientenindividuelle Hiiftmodelle extrahiert. Die Span-
nungen werden fiir unterschiedliche Nekrose-Volumen und -Orte bestimmt. Des Weiteren
werden diese ermittelnden Spannungen in ein neuronales Netzwerk eingebunden, dass eine
Vorhersage der auftretenden Spannungen bei vorgegebener Nekrose zukiinftig ermdoglichen
wird. In einem weiteren Schritt muss die Bohrung noch unter dem Gesichtspunkt der op-
timalen Ausrdumung angepasst werden. Bei vorgegebenem chirurgischen Instrument kann
der Bereich bestimmt werden, der die groftmogliche Nekrosearealentfernung bringt.
Diese Methode sollte in Zukunft weiter ausgefiihrt werden, sodass FEM Simulationen nicht
mehr notwendig sind, um auftretende Spannungen durch die Bohrung in den Hiiftkopf
wiederzugeben. Das Ziel dieser Studie ist die optimale Bohrung hinsichtlich niedrigster
Spannung und bestmoglicher Nekroseausrdaumung zu ermitteln und diese im operativen

Eingriff navigationsgestiitzt durchfiihren zu konnen.
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1 Introduction

Biomechanics is a multidisciplinary area with a lot of different characteristics and special
fields which makes it difficult to express a comprehensive definition. Since biomechanical
studies are basically addressed to humans, animals or plants, biomechanics can be defined
as the application of mechanical principles on biological systems, biological tissues and
medical problems [1].

The field Biomechanics has special tasks e.g., simulations of special movements, opti-
mization of performance, design of new implants or acquire new surgery techniques.

Many pathologic conditions can only be treated through understanding the biomecha-
nics, hence assistant treatments of medical problems with the use of engineering techniques
are essential. Thus, this graduate thesis should present a new way to look at the hip joint
and to get a better understanding of the biomechanics with regard to several diseases such
as Femoroacetabular Impingement (FAI) and Femoral Head Necrosis (FHN). Combining
motion analysis and multi-body simulations should help to obtain a better understanding
of the mechanism of FAIL Finite element simulations should create a new solution to treat
the FHN.

1.1 Biomechanics of the Hip Joint

For the diagnosis and treatment, understanding the biomechanics of the natural hip joint is
essential. Modern hip arthroplasty is more successful due to advances in this biomechani-
cal knowledge, which led to a development of proper implant designs, fixation techniques,
surgical approaches, and therapeutic programs. Supplementarily more valuable insights to
injury mechanism, pathologies and hip preservation corrections are results of further rese-
arch of biomechanical principles [2]. The human hip joint is very suitable for calculations
etc. because of its nearly ball and socket-joint form which was investigated by Pauwels et
al. [3].

The hip joint, which consists of the acetabulum of the pelvis and the head of the
femur, has three rotationally degrees of freedom: flexion/extension, abduction/adduction,
and medial /lateral rotation. [4] It is a central element in the human body as it is elementary
for the human gait. Furthermore is the connection between acormus and lower extremity
and is important for stability and movement. Apart from that, the hip joint is a part of a
closed kinematic chain where the distal end is the foot and the proximal end the head [5].
Slight differences in architectural designs of the hip joint between humans already have
implications during normal activities as well as dysfunction which can also be related to
FAT [2].

For description of an exact position or movement of a body in space, linked coordinate
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systems are used. In Biomechanics, special terms for axis and planes have been intro-
duced to describe medical issues, e.g., trauma, which are fixed to the human body and
obtained to a straight standing person. The axis and planes are visible in Figure 1.1.
The horizontal axis moves side-to-side in the body, the longitudinal axis moves up and
down and the sagittal (or anteroposterior) axis runs front to back [6]. Additionally, three
planes differentiated into sagittal plane, transversal plane, and frontal plan are visible in
the figure. The sagittal axis and longitudinal axis form the sagittal plane, which divides
the human body into the left and right part and is perpendicular to the horizontal axis.
The transverse plane is formed by the sagittal axis and the horizontal axis and divides the
body into upper and lower section |7, 8]. The last plane, which lies parallel to the forehead
and is built of the horizontal axis and longitudinal axis, is called frontal plane and divides
the body into front and back |7, 8].

Longitudinal Axis
s

_~ Sagittal Plane
Frontal Plane -

- Center of Mass

Transverse
- Plane

Sagittal Axis

Frontal Axis

Figure 1.1: Axis and Planes in the Human Body (modified) [1]

Furthermore, the alignment of body parts to the remaining body are explained using
medical terms for the directions visible in Figure 1.2. For each body axis, there are two
adverse directions. Along the longitudinal axis is called superior, whereas downwards is
defined inferior. Alternatively, the terms cranial and caudal are in common use, which
mean towards the head and towards the buttocks. The front of the sagittal plane is defined
as anterior, the back as posterior. For the rump region, ventral, which means towards the
stomach, and dorsal, which means towards the back, are applied. Towards the center of
the body the term medial and towards the side lateral are introduced, respectively. Finally,

the direction for the legs and arms are distal (towards the hand) and proximal (towards
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Figure 1.2: Anatomical Terms for Direction [1]

Notably, there are also the relative movements of the body as illustrated in Figure 1.3.
The measurement of the active and passive range of motion (ROM) belongs to the functi-
onal examination of all joints, and to check for eventually current restrictions of motion.
The ROM can be restricted as a reason of pain or palsy. Differences of the active and
passive ROM are possible [9]. For each of the three planes, there are two directional mo-
vements. For the sagittal plane, flexion and extension, for the frontal plane abduction and
adduction can be performed [9]. The movements for the transverse plane are the internal
rotation and external rotation [9].

For the remainder of this dissertation, these terms will be used as basic knowledge.

1.1.1 The Hip Joint

The human hip joint consists of Acetabulum, Femur, Cartilage, Labrum and surrounding
soft-tissues visible in Figure 1.4. Figure 1.5 shows the cuplike concave socket (Acetabulum,).
The Acetabulum consists of Ilium, Ischii, and Pubis and creates the connection between
lower and upper extremity. The tighbone (Femnur) is connected through the femoral neck
axis with the head of the joint (Caput). The head of an adult hip has a diameter of 35-
55 mm and a surface of around 30 cm? [10]. The femoral head is attached to the femoral
neck, which is approximately 5 cm long. The femoral neck is attached to the shaft of the
femur. In between, existing articulating cartilages which decrease the friction in the joint.
The entire periphery of the acetabulum is rimmed by a wedge-shaped fibrocartilage called
acetabular labrum (Labrum). The extension of the acetabulum gives stability, because it

deepens the socket, the concavity is increased due to its triangular shape, which grasps the
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(1*) Extension

(1)  Flexion

(2*) Abduction

(2)  Adduction

(3%) External Rotation

(3) Internal Rotation

Figure 1.3: Relative Movement of the Musculosskeletal System (modified) [1]

femoral head to maintain the contact with the acetabulum. In addition, new studies show a
hermetic closure of the joint which enables hydrostatic lubrication properties. Ferguson et
al. [11] found out that hydrostatic fluid pressure in the joint was greater with labrum than
without which led them to the statement that the labrum may enhance joint lubrication
if the labrum adequately fits the femoral head. In addition, a working labrum hinders

subluxation due to the vacuum produced.and the synovial fluid stays in the joint.

The Femur has a cavity, so called Fovea capitis femoris, which is not covered with
articulating cartilage and is the connection to the Acetabulum, the Ligamentum capitis
femoris. This ligament has no mechanical function. However, it is one of the blood
supplies to the femoral head. The angle between femoral neck axis and femoris stem is
the so called CCD-Angle (Caput-Collum-Diaphyseal-Angle) and, in general, is about 126°.
Trochanter major and minor are the starting points for the muscles.

Both bones have neither a spherical shape nor a perfect congruence. The diameter
of the head is slightly bigger than the inner diameter of the acetabulum, but due to the

cartilages, this incongruity enables a perfect load distribution [13].

Another tasks of the cartilages are the load distribution and minimization of wear due
to friction. Thickness of the cartilage both femur and acetabulum varies depending on
stress; the thickness of cartilage typically lies between 0 and 2mm [13]. The acetabular
labrum is surrounding the whole acetabulum and stabilizes the joint. Sommerfeld et al. [15]
and Putz et al. [16] postulated that the labrum sustains the synovial fluid in the joint and

hinders a femoral subluxation due to the vacuum. The hip joint is enclosed by the articular
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Figure 1.4: Pelvis and Femur [12]

capsule. Other anatomic elements of the hip joint are not necessary for this thesis, refer

to appropriate literature e.g. [17] etc.

The ground reaction force and the gravitational force are acting through the pelvis on
the human hip joint and create a force couple with a moment arm equal to the distance
between the superimposed body weight on the femoral head and the ground reaction force
up the shaft. A bending moment is created, which is visible in Figure 1.6a. In the femoral
bone are two major and three minor trabecular systems for the transmission of forces as
illustrated in Figure 1.6b. Arising from the medial cortex of the upper femoral shaft and
radiating through the cancellous bone to the cortical bone of the superior aspect of the
femoral head, there is the medial trabecular system. It is additionally oriented along the
vertical compressive force passing through the hip joint. The lateral trabecular system is
similar and arises from the lateral cortex of the upper femoral shaft and terminates in the
cortical bone on the inferior aspect of the head of the femur [4]. The secondary trabecular
systems, one for compressive and the another for tensile stresses, a third one is at the
trochanteric area of the femur. The crossing point of trabecular systems is the strongest
part regarding stress and strain. One area is free of a crossing point and, thus, weaker

and has more potential for failure, the so-called zone of weakness [4].

In addition to already named parts of the human hip joint, there are several joint

ligaments, e.g. ligamentum teres, ischiofemoral ligament, or ligament of the head of the
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Figure 1.5: Structure of the Hip Joint (modified) [14]

femur |4, 17]. But these ligaments are not so important for the investigated diseases and,

thus, not further considered.

1.1.2 Kinematics and Kinetics of the Hip Joint

The human hip joint belongs to the lower limb and its biomechanics can be categorized
into kinematics, kinetics, and statics [18|. In general, kinematics describes the functional
movements of any joints. Kinetics includes internal muscle forces, and external forces, and
moments, which affect a joint. As described in the chapter before, the human hip joint is
usually described in terms of kinematics and kinetics with angular rotations (flexion/ex-
tension, abduction/adduction, internal/external rotations (Figure 1.7)) and forces acting
on the joint. The hip joint is the joint with the highest range of movement [18]. The
limitation of movement, also called active range of motion (AROM), is in healthy adult
joints bounded by the bony structure, soft tissue including capsule, and labrum, and at
least the muscles that cross the joint. |2, 18] The angles are recorded in Table 1.1.

As walking is the most frequent activity during the day, the movement of the hip
joint is very important for adults. It has been observed that an adult achieves around
10,000 steps with an average age of 65 during a single day [19]. According to Morlock et
al. [20], this accounts for around 85% to 90% of the daily activity spectrum. During gait-
activities, relative motion of the hip includes all three angular degrees of freedom. The

human gait consists of two phases: the stance and the swing phase. During the stance
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(a) weight-bearing line of the head, arms, and trunk (HAT) loads the head of the femur whereas the
ground reaction force (GRF) comes up the shaft of the femur, resulting in a force couple that creates a
bending moment, with a moment arm (MA) that is dependent on the length and angle of the neck of the
femur. The bending moment creates tensile stress on the superior aspect of the femoral neck and

compressive stress on the inferior aspect.

(b) two major (the medial compressive and lateral tensile) trabecular systems show the primary
transmission of forces. Additional lines of stress are evident at the secondary compressive tensile systems

and at the trochanteric system.

Figure 1.6: Weight-Bearing Systems and Trabecular Systems of the Hip Joint [4]

phase, the hip joint is in a flexed position and consistently extends. During the swing
phase, the hip joint change into flexion and stays until heel strike. A healthy adult has
a flexion/extension range of about 430 degrees flexion and —10 degrees extension during
walking. Gait patterns with a decreased range of motion can be the result from illness
such as cartilage loss, arthrosis, etc [21].

The joint center lies in the midpoint of the femoral head, the so-called hip joint center.
In this point, a Cartesian coordinate system can be arranged to quantify the movements
of the human hip joint.

Contrary to kinematics is the kinetics which takes the forces or loads that influence a
body into account [8]. The forces coming from the superior and inferior part of the body,
which react on the hip joint, are distributed from the pelvic ring. In an upright standing
position, the body-weight presses on the promontory of the sacrum which transmits the
load through the sacroiliac joint and then to the acetabulum. The hip joint separates
the force into caudal (pressure load) and lateral force (tensile load) as illustrated in Fi-
gure 1.8a. [22]. The distribution of the forces in the pelvis by the alignment and density

of the trabecular structure is shown in Figure 1.8b. The Linea arcuata indicates with its
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Figure 1.7: Movement of the Hip Joint [17]

Table 1.1: Maximum Angles of Movement for a Healthy Adult [4, 17]

Movement Maximum Angle in [°]
Flexion /Extension 130 - 140 10
Abduction/Adduction 30 - 50 20-40

Internal/External Rotation' 30 - 45 40-50

Lwith 90° flexed hip

density the magnitude of the force which is transmitted at this area. Compressive stresses
can be resisted by one trabecular meshwork pattern going through the femoral head from
the superior head across the femoral neck to the medial cortical bone. The other pattern
runs from the superior area of the femoral neck towards the greater trochanter, which
resists to the tensile stresses [16]. Highest compressive and tensile stresses are located be-
tween and below both trochanter [23]. In Figure 1.8¢ the pressure trabecula is visualized.
It is shown that by compressing laterally and medially, bending stresses are absorbed. The
Ward’s triangle is the area where a less density of the trabecula exist [16].

Bergmann et al. [24] investigated by in-vivo measurements depending on different mo-
vements (e.g., slow walking, taking stairs, or sitting), the magnitude of the forces varies
highly, however, walking downstairs, each patient reached the highest peak at about 300%
of their body weight. The CCD angle may be a reason for a high contact force as sugge-
sted by Hochschild et al. [22]. A higher angle than 130° causes an increase of the weight
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bearing in the joint and a resulting damage to the cartilage, the so-called coza valga |22|.

) [

(a) Compressive Load in Standing Position (b) Pattern of Trabecula in Pelvis Area

Tensile
trabecula

Ward's
triangle

Pressure
‘trabecula

(c) Pattern of Trabecula at Proximal Femur

Figure 1.8: Loading Conditions in a Human Hip Joint [22]

Both diseases, FAI and FHN, may cause a disorder during daily life and physical
activities, hence, a limitation of kinematics and kinetics, and generation of pain, which is

a reason to investigate these problems and to propose new solutions.

1.2 Diseases of the Hip Joint

Diseases of the hip joint have caused pain, ambulation difficulties, gross deformities, and
progressive invalidity for children, teenager and adults. Several different diseases have
developed over years such as pseudoarthrosis of the femoral neck, the adult osteoarthritis
hip, the femoroacetabular Impingement, the femur head necrosis, ete. [14, 25].
Deterioration of the articular cartilage and the subsequent related changes in articular
tissues are the most common painful conditions of the human hip joint. Osteoarthritis
(OA) and degenerative arthritis rates lie about 10% to 15% in those older than 55 years
men and women. Davis et al. [4] showed that 50% of the cases are considered to be
idiopathic, which means that the cause is unknown. The other half of the cases have no

evident underlying pathology.
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In this thesis both last-mentioned diseases are focused and investigated further to get

a better understanding of the mechanism and the treatments.

1.2.1 Femoroacetabular Impingement

Impingement has to be differentiated into the femoroacetabular impingement and extra
articular impingement. The femoroacetabular impingement describes a contact between
bones in a joint, the extra articular, a contact beyond the joint. The extra articular
impingement specifies a contact of the greater trochanter with the pelvis [26, 25]. This
study only focuses on the femoroacetabular impingement.

From a medical point of view, the femoroacetabular impingement (FAI) describes an
unphysiological contact between Femur and Acetabular caused by a geometrical deformity
at the head of femur or acetabulum. Damage of the cartilage and labrum are the result
of a not-treated FAI [14]. In the late 1990s, Ganz et al. [27] defined FAT and later found
out that FAT is based on a bony deformity of one or both parts of the joint. Patients
often suffer from pain and limitation of movement. This restriction is especially evident if
the patient performs flexion and/or internal rotation [28]. Nowadays FAI is an admitted
disease for hip arthrosis (Cozarthrose).

Today, FAI is differentiated between pincer-type-and cam-type impingement. If the
acetabulum is excessively distinctive, and consequently, the reason for the collision, it
is named pincer-type impingement (cf. Figure 1.9¢). Contrary to the pincer-type, the
occurring collision of the cam-type is existing due to an atypical geometry of the proximal
femur (cf. Figure 1.9b) [27]. In ca. 75% of the cases, both types appear in a combined
manner (cf. Figure 1.9d) [29].

1.2.1.1 Cam-Type Impingement

The cam-type impingement, termed in 2001, is characterized by anatomic deformation
of the femoral neck-head junction [31]|. This phenomenon is more common in young
men aged 20 to 30 [32, 33]. Additionally, new studies reported a higher risk caused by
intensive sporting activity in younger age [34, 35, 36]. Typically cam-type is caused by
an aspherical femoral head and, hence, a faulty neck-junction compared to the healthy
femur, in literature called pistol grip [37]. This aspherical part gets jammed into the
acetabulum during defined movement and generates pain and limitation of movement
visible in Figure 1.10 [32, 38]. Another cause can be a retroverted femoral head or neck [28|.
The labrum is stretched and pushed from the acetabular rim which caused damage to the
labrum. The cartilage is pressed into the acetabulum which can also result in damage of the
cartilage until cartilage is even sheared off the subchondral bone [37]. Impingement cysts,

formerly called herniation pits, can occur at the head-neck junction due to the permanent
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Figure 1.9: Different Types of FAI |30]

contact of the two bones [39]. At a flexion of 90° with a current internal rotation the

cam-type impingement mostly occurs. The pain increases by passively adducting the leg

which might be a sign for an anterior impingement of the neck on the labrum [40]. In

Figure 1.10 the mechanism is shown. The bony deformity is colored in grey, the labrum

green, cartilage yellow and the pain in red. Through movement of the femoral bone the

labrum and the cartilage is damaged.

Figure 1.10: Mechanism of Cam-Type Impingement [37]

Geometric parameters are needed, and were established over the last decades, to quan-

tify the abnormality which is causing the cam-type impingement [14].

Notzli et al. [40] introduced the alpha-angle in 2002, which is the angle between the
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femoral neck axis and a line connecting the head center with the point of beginning asp-

hericity of the head-neck contour as illustrated in Figure 1.11.

Figure 1.11: Alpha-Angle and Head Neck Offset of the Healthy Hip Joint (left) and a
Cam-Typed Hip Joint (right) [41]

The Alpha-angle can be determined around the femoral neck axis, while surgeons
classify the femoral head clockwisely in 12 areas with 30° intervals as visible in Figure 1.12,
where the femoral head axis represents the center. Evaluation is normally performed on
typical areas for FAIL, consequently, in the superior or anterior areas (between 12h and
3h) [25]. However, Siebenrock et al. [34] reported that the typical maximum angles can
shift as a result of intensive sports such as basketball etc. Notzli et al. [40] noted that the
healthy hip joint state an average value of 42 — 43°, but often a lower limit is considered
as a normal alpha-angle. Values above 50° can indicate cam-type impingement. Ezechieli
et al. [29] postulate 44° as a good post surgery result. In general, this parameter is still

very controversial.

Figure 1.12: Classification of FAT into 12 exact same Areas [34]

To quantify the cam-type impingement, Eijer et al. [42] developed another parameter

is the anterior femoral head neck offset (anterior offset or Eijer’s offset), which is defined
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as the difference in radius between the anterior femoral head and the anterior femoral neck
on a cross-table axial view of the proximal femur [32, 43, 42|. For this purpose, two lines in
parallel with respect to the femoral neck axis are drawn and the distance between them is
measured. The first line starts from the centerline to the furthermost point of the femoral
head. The second is similar to the alpha-angle at the point where the asphericity starts.
The use of the absolute value of this parameter is limited with regard to the dimensions of
each patient. Therefore, a relation between the offset and femoral head diameter is used,
called offset-ratio. Affected hips exhibit a ratio smaller than 0.18 [28].

Additionally, Gosvig et al. [44] developed the triangular index which also uses the radius
r of the femoral head. The radius is drawn along the femoral neck axis with the center
joint center. The height H of the femoral neck is measured as illustrated in Figure 1.13.
By drawing hypotenuse R and using Pythagorean theorem, the triangle can be evaluated.
Gosvig et al. [44] defined the relation of R and r as a threshold value. If R is bigger than
r 4 2mm, the hip joint is affected. This method is not as rotationally dependent than the
alpha-angle.

Figure 1.13: Determination of the Triangular Index [41]

Besides these bony additions, another cause for cam-type impingement is a too small
femoral neck angle (coxa vara, CCD-angle < 125° (cf. Figure 1.14)) Furthermore, femoral
neck fractures can be the reason for a cam-type impingement and even the disease Morbus

Perthes, which is responsible for a disturbed blood flow and hence necrosis of the bone [37].

Further causes will not be topic of this study.
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Figure 1.14: Determination of the CCD-Angle (modified) [41]

1.2.1.2 Pincer-Type Impingement

As mentioned in Section 1.2.1, an excessively distinctive acetabulum causes the pincer-
type impingement. Especially women with an age of 30-40 are affected [45]. During the
contact the labrum, is squeezed between femur and acetabulum and works similar to a
damper. This damping prevents further damages of the cartilage, but, unfortunately, the

labrum can fossilize after a while (cf. Figure 1.15) [46].

Figure 1.15: Mechanism of Pincer-Type Impingement [37]

A reason for this type of impingement can be a acetabulum, which is too deep. This
is the case, if the end of the acetabulum (Figure 1.16F) viewed from the anterio-posterior
perspective (so-called linea ilioischiadica in Figure 1.16IL) crosses the line IL. If the femur
exceeds the line, doctors call that protrusio acetabuli [41]. New studies show that diagno-
sing a coxa profunda does not necessarily mean pincer-type impingement [47, 48]. Hence,
other indicators such as e.g. CE-angle, acetabular index, or extrusion index, have to be

controlled in addition.
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Coxa Profunda Healthy Hip Joint

Figure 1.16: Disease Pattern of Coxa Profunda (modified) [41]

The centre-edge-angle (CE-angle), also called angle of Wilberg [49], is defined as the
angle formed by the line passing from the center of the femoral head to the lateral edge
of the acetabulum and a vertical line drawn through the center of the femoral head as it
is illustrated in Figure 1.17.

Another important anatomical parameter is the alpha angle, defined by Notzli et
al. [40], which describes the relationship between the femoral head and the neck geo-
metry. Combining both parameters, Beck et al. [37] presented that it is feasible to create
a computational mode representing a normal joint (CE = 20°, o = 50°), a dysplastic joint
(CE = 0°, a = 50°), a cam-type joint (CE = 20°, o = 80°), a pincer-type joint (CE = 40°,
a = 50°), or a combination of cam-type and pincer-type (CE = 40°, o = 80°).

Figure 1.17: Defining the CE Angle [41]

Acetabular index also describes the “coverage” of the femoral head and is determined
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as visible in Figure 1.18. The dependence of the femoral head’s spherical forming and
depth of the acetabular is crucial [41]. Hips with an “over-coverage”, e.g., coxa profunda

or protrusio acetabuli have an acetabule index of 0° or lower [28].

Figure 1.18: Determination of the Acetabular Index [41]

Heyman and Herndon [50] introduced the extrusion index, the percentaged relationship
between covered and not-covered femoral head as illustrated in Figure 1.19. Primarily,
this anatomic parameter was developed for the evaluation of morbus perthes, however,
nowadays, it is still to judge about dysplasia or over-covered hip joints, i.e. so an indicator
for FAL If the value is bigger than 25%, a dysplasia exists. If is it smaller than 10%, it is

a over-coverage [32].

Figure 1.19: Determination of the Extrusion Index [41]

An acetabular retroversion, a backward oriented acetabulum, can be a reason for a
pincer impingement. Three signs are essential: the cross-over-sign, the posterior-wall-
sign, and ischial-spine-sign. Siebenrock et al. [41] developed the cross-over-sign which
means that the anterior and posterior acetabular rims crosses each other. Usually, the
anterior acetabular rim is medial compared to the backwards part which is visible in
Figure 1.20 [28].
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Figure 1.20: Determination of the Cross-Over-Sign [41]

The posterior-wall-sign acts as an FAT indicator, if the hip joint center is closer to the
body midpoint than the posterior acetabular rim. Healthy people typically have this sign
in the hip joint center. A sign for dyplasia is shown in Figure 1.21, where the posterior-

wall-sign lies more medial (Deficient posterior wall) [28].

Figure 1.21: Determination of the Posterior-Wall-Sign [41]

The third indicator for a acetabular retroversion is the ischial-spine-sign, introduced
by Kalberer et al. [51] in 2008. It describes in a frontal plane, a relevant progress of the
spina ischiadica IS medial to the other bony structures (cf. Figure 1.22). However, new
studies of Zaltz et al. [52] reported that it is not always an acetabular retroversion, if

cross-over-sign and ischial-spine-sign occur.
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Figure 1.22: Determination of Ischial-Spine-Signs [41]

After introducing all types of FAI, an overview is illustrated in Table 1.2. All introduced
variables are based on static single plane x-rays, which only show one plane of the hip joint

and, hence, FAT indicators probably are not visible.

Table 1.2: Geometric Indicators of FAI
‘ Cam-type impingement ‘ Pincer-type impingement ‘
Alpha-Angle (Figure 1.11) CE-Angle (Figure 1.17)
Anterior Offset (Figure 1.11) Acetabular Index (Figure 1.18)
Triangular Index (Figure 1.13) | Extrusion Index (Figure 1.19)
CCD-Angle (Figure 1.14) Cross-Over-Sign (Figure 1.20)
Posterior-Wall-Sign (Figure 1.21)
Ischial-Spine-Sign (Figure 1.22)

1.2.2 Osteonecrosis of the Femoral Head

The osteonecrosis of the femoral head or femur head necrosis (FHN) is a disease in which
the femoral head dies. This can occur due to various reasons. In general, the death of a
bone, called osteonecrosis (ON), in medical terms also aseptic osteonecrosis (AON), means
that the reason is not a bacterial infection [53]. The femoral head is dying right under
the cartilage and, hence, a reason for a total hip replacement (THR). In Figure 1.23, a

pronounced necrotic area is visible.

Figure 1.23: X-ray of Hip Joint with Femoral Head Necrosis [54]
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This disease is not only a problem of aging, but instead has different causes. A disrup-
tion of the bone vascular supply is deemed to be the main cause for femur head necrosis.
Apart from that idiopathic case, trauma and systemic conditions, such as alcoholism,
steroid use, systemic erythematous lupus, diabetes etc. [55], can be the reason for a oste-
onecrosis of the femoral head [56].

Mainly two different kinds of ON appear: medullary bone infarction, which attacks
the trabecular architecture and marrow cavities in metaphyseal sites, and juxta-articular
infarction, which mainly attacks the subchondral bone at major bones (most cases). A
special type of FHN is Legg-(Calve-) Parthes Disease (Osteochondrosis deformans cozae
juvenilis), an avascular necrosis disease introduced by Calve et al. [57], caused by an
abnormality of the femoral capital epiphysis in children aged between 5 and 9. Adults,
mainly 30 to 60 aged men (occurrence 7 : 3), sicken. In Germany, every year around 6,000
people fall ill [58, 59).

In general, the progress of the femoral osteonecrosis is difficult to predict, however it
takes around three years. Both hips are affected mostly within two years as a consequence
of wrong load during walking etc. [58|. If this disease is not treated, a collapse of the
femoral head is common which ultimately requires THR [60].

Early stages of femoral osteonecrosis patients feel pain around the groin which does
not soften and has no trigger, e.g., wrong movement or overloading during sports [58].
Additionally, the pain increases after a while and the internal rotation becomes limited [61].
Due to wrong loading during movement, the pain can transverse into area of the back or
even to the knees. Diagnosing FHN, the patient firstly has to be investigated by the
attending doctor by palpation and checking the moving possibility. Subsequently, X-rays
are performed, an overview of pelvis and most importantly the Lauenstein projection in
which the sick hip is 45° flexed and 45° adducted. In general, this is an axial projection of
the hip joint in which particularly the femoral neck is visible uncovered and unshortened
(Figure 1.24) [62].

Figure 1.24: Lauenstein Projection of a Healthy Hip Joint [62]

If it is not possible to clear the cause for the pain using a X-ray, additionally, a scintiscan
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and MRI are taken. Hence, it is not only possible to see the necrotic area but also a collapse
of the femur can be predicted [58]. An alternative method is a CT for patients with cardiac
pacemaker etc.

In 1992, the Association Research Circulation Osseous (ARCO) proposed a general
classification based on the former Ficat and Arlet system to judge the stage of FHN
(Table 1.3) [63, 64, 65].

Table 1.3: Ficat-Arlet Staging System Modified According ARCO [65]

‘ Stage ‘ Characteristics ‘
0 Bone-biopsy results consistent with avascular necrosis; normal findings
on all other tests
1 Positive scintiscan or magnet resonance image, or both; lesion

subdivided into medial, central, or lateral depending on location of
involvement of femoral head

I-A < 15% involvement of femoral head

I-B 15 — 30% involvement of femoral head

I-C > 30% involvement of femoral head

11 Radiographic abnormalities (mottled appearance of femoral head,

osteosclerosis, cyst formation, and osteopenia); no signs of collapse of
femoral head on radiographs or computerised tomography scan; positive
scintiscan and magnetic resonance image; no changes in acetabulum;
lesions subdivided into medial, central or lateral

II-A < 15% involvement of femoral head

1II-B 15 — 30% involvement of femoral head

II-C > 30% involvement of femoral head

11 Crescent sign; lesions subdivided into medial, central, or lateral

depending on location of involvement of femoral head

I11-A < 15% crescent sign or < 2mm depression of femoral head
I1I-B 15 — 30% crescent sign or 2 — 4mm depression of femoral head
111-C > 30% crescent sign or 4mm depression of femoral head

v Articular surface flattened radiographically and joint space shows

narrowing, changes in acetabulum with evidence of osteosclerosis, cyst
formation and marginal osteophytes

The first ARCO stage is reversible. Is the blood flow still disturbed interstitial fluid
accumulates in the medullary cavitiy of the bone, an edema is formed, which degrades
the situation in the bone by reason of a higher pressure in the joint. The body tries to
repair this, which generates pain [53]. MRI and scintiscan are performed to check the
difference in the medullary cavitiy; X-ray and CT show no clinical evidence. |[66] Drugs,
such as Iloprost, can help to reduce pain and treat the edema. Former treatments with
anticoagulants and cholesterol-lowering medicine is not recommended anymore due to

non-sufficient effects [58].
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Identified as the second ARCO stage, the disease is irreversible and some areas of the
hip are already dead the repair mechanisms of the human body failed. In the later stages
of ARCO II, the necrosis is visible in X-rays and CT. MRI can clarify the diagnosis within
an accuracy of 95% [66].

In stage 111, death of the bone increases and the stability decreases. Mechanical collapse
of the femur with subchondral fractures starts. The femoral head flattens [66].

The last stage is characterized by cracks of the femoral head. Apart from that, the
cartilage at the acetabulum can also be damaged. Finally, a collapse of the femoral head is
caused by this disease. The deformation is visible in all imaging techniques. The femoral

bone cannot be preserved anymore: a THR is now necessary.

1.3 Goal of this Study

Biomechanics of several joints is very important as described in the following chapters
of this thesis. Understanding the Biomechanics of the human hip joint is essential to
understand the mechanism which most likely cause FAI and FHN. The ultimate goal is
to discover a method to eliminate or prevent the occurrence of these diseases. Total hip
replacement might be obsolete afterwards.

Regarding FAI, the function of the labrum must be clarified. Does the pain and the
limitation of movement really occur as a result of a bony contact of both joint parts,
i.e., the femur and acetabulum, or is it caused by a squeezed labrum? In this part of
the dissertation, the bony model is generated based on MRI data, which is manually
segmented. In addition, motion analysis is performed to determine the maximum reached
angles and the area of pain. Subsequently, the center of the hip joint is determined
and by using the angles, the multi-body and finite-element simulations are performed to
investigate the Biomechanics of the hip joint. Especially, the function of the labrum in a
FAI patient. A comparison between pre-surgery and post-surgery is made to evaluate the
surgical outcome. Regarding FHN, one primary goal is to combine FEM calculations with
the optimal drilling to get necrosis out of the bone (at least 90%) to guarantee the healing
of the femoral head and to prevent the insertion of an artificial joint. In the second part of
the dissertation, the hip model including the necrosis area is generated from either MRI or
CT data, which has to be segmented. Furthermore, the center of mass of the necrosis has
to be calculated to determine the end point of the drilling. A coordinate system is placed
at the trochanter major, which is the entrance point for the drilling. FEM simulations
are performed to calculate the occurring stresses due to normal and downstairs walking.
Finally, a neural network is generated to predict the occurring stresses at the femoral neck
and the entrance point, which are the main regions for failure after surgery. The prediction

of the neural network is time saving compared to the FEM simulations. Additionally, a
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software can be developed which can determine the optimal angle regarding removal of
the necrotic area with the known geometry of the used surgical instrument.

For the patient, an improvement in this area might result in a better treatment. While
doctors benefit from a decreased treatment period. The cost for treating the human hip
joint is significantly lower, as an artificial joint and the respective complicated operation
becomes obsolete. These medical and technical problems are important to investigate and I
want to contribute towards a new treatment for these diseases by showing that engineering

in medical areas is a reasonable approach to improve the currently applied methods.
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In this section the State of the art is presented which means describes the state before
this study is performed. On the one hand there are the engineering investigations, on the
other hand the medical issues which are needed to develop such a study. The first part
contains the engineering development for biomechanical investigations. Afterwards, the

medical techniques are presented.

2.1 Biomechanical Investigation

Engineering techniques are very common in medical fields and nowadays they are being ex-
panded into a new direction: the Biomechanics. Around the 1980s, mechanical techniques
were applied on medical problems and new advances have been made such as generateing
an understanding of mechanical properties of living tissues, etc. [67]. Biomechanical in-
vestigations are primarily specialized into investigations of the human beings, animals,
plants, and cells [1]. Additionally, reactions of organisms related to mechanical loading
are also a part of Biomechanics [1]. Investigations in the area of Biomechanics of the
human hip joint are mainly separated in two parts, the theoretic numerical investigation
and biomechanical experiments to validate the simulations. In this section both are briefly
introduced and evaluated in the remainder of this thesis.

Generally, development of new products and techniques nowadays run in very quick

cycles and customer requirements as well as complexity of technical systems increase.

2.1.1 Biomechanical Numerical Modeling

The classic technical mechanics is not able to reproduce complex, elasto-mechanical relati-
ons in real systems completely anymore [68]. For this purpose, all systems are subdivided
into their individual components or “elements”, whose behavior is understood and, hence,
the rebuild of the complete system from such components to investigate the behavior is
performed. This is the way to solve those complex problems [69]. Many situations can
so be reproduced using a finite number of well-defined components, which is named dis-
crete. However, in other situations subdivision are continued indefinitely and the problem
can only be defined using mathematical fiction of infinitesimal, which leads to differential
equations or equivalent statements which imply an infinite number of elements. These
systems are called continuous |69|. Using digital computers, discrete problems can be ea-
sily solved, even if the number of elements is very large and the capacity of all computers
is finite, continuous problems can be solved exactly by mathematical manipulation [69].
Engineers developed various methods of discretization including approximations which ap-

proaches in the limit the true continuous problems (continuum) solutions as the number
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of discrete variables increases [69]. Mathematicians approached the discretization of con-
tinuums using methods such as finite difference approximation, various weighted residual
procedures, or approximate techniques, whereas engineers often solve these approaches the
problems more intuitively by creating an analogy between the real discrete elements and
finite portions of a continuum domain [69].

In the field of solid mechanics, McHenry et al [69] showed good results in elastic
continuum problems by replacing small portions of the continuum by an arrangement
of simple elastic bars. Afterwards, Turner et al. [69] introduce that small portions in
continuums behave in a simplified manner due to considering a more direct substitution
of properties. Clough [70, 71| froms the name “FEM” in 1960, where he connected the
model of a continuum as a composition of smaller portions (finite elements). Every portion
describes the behavior using a function which includes the deformations, elongations, and
stresses. Thus, the behavior of the whole system can be described [68]. The goal of FEM
is to transfer the problem-describing differential equation into a linear equation systems,
which is performed using the variation principle [68]. However, the transfer of the results
to the complete system still remains critical, due to the fact that the deviation might be
computationally unsolvable [68].

In recent years, many investigations in the biomechanical field were performed, e.g., by
Holzapfel et al. [72, 73, 74], who investigated the Biomechanics of soft tissue and arterial
walls using numerical models. They investigated among others things the biomechanical
behavior of arteries under passive state of the vascular smooth muscles developing a new
material model based on FEM. They showed that the numerical approach can describe the
theoretical results in remarkable accordance, however, compared to the experimental data
there were significant differences and, hence, these can be better reproduced by means of
a two-term potential than the classical potential [73]. Furthermore, they developed new
material models for arteries, e.g., for the passive state of a healthy and young artery [72].

Other groups, e.g., Ehlers et al. [75], do research on modeling of the human brain tissue
and provide a simulation environment to investigate the influence of irregular distribution
of infused drugs, which were observed in clinical studies and should help attending surgeons
in crucial decisions.

In the orthopedic field, Bergmann et al. [76] conducted studies such as the investigation
as well as FE analysis and experimental validation of the femur with an endoprosthesis to
determine the strain and stress distributions. The results, generated for different loading
conditions, show good accord between experimental and analytical data [76]. Furthermore,
differences of maximum and minimal principal stresses in the proximal part of the cement
sheath indicate high shear stresses [76]. Supplementary, there were differences in the stress

pattern occurring in treated and untreated femurs, which were indicative of increased
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stiffness at the proximal end concerning stress-shielding [76]. Apart from that, they found
out that prosthesis, cement, and femur were not loaded in a symmetrical way which leads

to considerable stress components perpendicular to the stem surface [76].

The same researchers also investigated the deflection, principal, and comparison stres-
ses occurring in a femur for six different loading conditions and found out that in general,
the results are very dependent from the assumptions on which they are based, e.g., ma-
terial properties, geometry, etc. [77]. They confirm that errors occur due to the transfer
of bone geometry to a model [77]. They suggested that FEM should only be used for
comparative studies in orthopedic area. [77] Quantitative research should be validated by

experimental measurements |77).

Woiczinski et al. [78] investigated the knee joint and developed a finite element model
of a weight-bearing for total knee replacement to get a better understanding of the clinical
aspects after a total hip arthroscopy. The results of the FEM simulations were compara-
ble to the experimental result and, hence, a valid model could be developed |78]. Further
work on this project was performed by Steinbriick et al. |79, 80, 81, 82|. Previously, they
investigated the patellofemoral contact patterns including the effect of trochlea tilting,
the influence of tibial rotation, and the function of the posterior cruciate ligament using
appropriate FE models to iteratively develop the optimal knee model 79, 80, 82, 81]. The
results of the contact patterns-investigation show an increase of the retropatellar pressure
which leads to the anterior pain after the surgery [79]. Additionally, the trochlea of the
femoral component might highly influence the pressure distribution of the non-resurfaced
retropatellar surface [79]. Patella maltracking can be related to a lower femorotibial rota-
tion and, thus, a new design of the total knee replacement could maintain natural contact
patterns due to more conformity of the patella to trochlea [79]. After this study, they
investigated the effect of trochlea tilting on patellofemoral contact patterns and identified
that the implantation of the femoral component by 3° internal trochlea rotation to tran-
sepicondylar line leads to a significant increase of retropatellar pressure compared to 6°
external rotation of the trochlea of the femoral component [80]. Ultimately, this results in
anterior knee pain after surgery [80]. This maximal retropatellar pressure can be minimi-
zed by inserting the femoral component between 3° and 6° to anatomical transepicondylar
line, while adequate soft tissue balancing and stable knee kinematics are provided [80].
Subsequently, they investigated the balancing of the posterior cruciate ligament using
FEM and showed that a tight posterior cruciate ligament in silico leads to more ante-
rior tibia translation, a higher collateral ligament and inlay stress while the retropatellar
pressure remained unchanged [81]. Finally, Steinbriick et al. [82] examined the influence
of the tibial rotation in vitro and determined that the rotational alignment of the tibial

component to the medial third of the tibial tuberosity or even more externally beyond
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that point the anterior pain after a total knee replacement can be avoid.

The group of Bader et al. [83] mostly investigated the cemented ceramic total knee
replacements and the load situation and mechanisms, which lead to stress fractures using
FEM. Additionally, they investigate the influence of femoral head size on impingement,
dislocation and stress distribution in total hip replacements and discovered that an optimal
implant position of an artificial hip and a larger femoral head size joints are essential and
can reduce the risk of impingement by developing a FEM model [84]. Furthermore, they
showed that a hip resurfacing arthroplasty leads to a decrease of range of motion compared
to conventional stemmed total hip prosthesis and a large diameter of the femoral neck to
an impingement in all movements [85]. In another study of this group, a finite element
analysis of the implant bone interface was developed to predict the bone strains and
mechanics [86]. To this end, a validation was set using a acetabular cup and a frozen
hemipelvis and the results show a good correlation between measurement and calculation
except for the micromotion which could not be validated due to a limited accuracy of the

motion tracking system [86].

2.1.2 Biomechanical Experiments

Biomechanical experiments are essential to validate simulations results. The combina-
tion of experimental testing with multi-body simulations and FEM simulations, so-called
evidence-based research, is important to validate the determined results. Biomechanical
experiments can be performed in many different fields, e.g., loading investigation of joints
during certain activities, investigation of wear particles in artificial joints, muscle forces,
and studies on ligaments etc. In this study, the investigation of the FAI requires the max-
imum angles to simulate the movement which makes a gaitlab analysis necessary. For the
necrosis study, the use of forces acting on the hip joint are necessary.

Many studies on artificial joints and wear were performed in the last decades. Morlock
et al. [20] performed studies on the human hip joint, where they researched the duration
and frequency of every day activities of patients with a total hip replacement. Afterwards,
they reported the clinical outcome using the Harris Hip score, which is an indicator used
for each hip pathology [20]. They determined that the most frequent patient activity was
sitting (44.3% of the time), followed by standing (24.5%), walking (10.2%), lying (5.8%),
and climbing stairs (0.4%), however, the the Harris Hip score significantly correlated to
the number of stairs [20]. Additionally, they showed a positive tendency with the number
of steps per day, respectively [20]. In other studies, Nassutt et al. [87] investigated the
influence of resting periods on friction in all common articulation pairings of artificial hip
joints using a pin-on-ball testing device. The results showed that initial friction increases

with increasing resting duration, especially for metal-on-metal pairings [87].
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Biomechanical experiments can also focus on the tribological area such as in an artificial
joint which, e.g., Wimmer et al. [88, 89] worked on. They investigate wear and corrosion
of artificial hip joints, especially metal-on-metal hip joint bearings and the tribolayer
formation, which should minimize wear [88, 89, 90, 91].

Bergmann et al. [24, 92, 93, 94] performed studies on hip contact forces and gait
patterns during daily activities such as walking, running, stumbling, carrying, and climbing
up and downstairs using instrumented implants and synchronous analyses of gait patterns
and ground reaction forces. They suggest to investigate implants mainly using loading
conditions that mimic walking and climbing downstairs [24|, which is essential for the
necrosis study in this thesis.

Furthermore, Diiselen et al. [95] study in muscle forces and external loads on ligaments
of cadaver knee joints, which were tested in a testing device allowing unconstrained knee
joint motion. Quadriceps, hamstring, and gastrocnemius muscle forces were simulated
whereas external loads, such as varus-internal or valgus-external rotation forces, were
applied and the crucial ligament strain was recorded at different knee flexion angles [95].
In general, the results show that the muscle activation significantly strained the ligaments
during the different flexion angles of the knee joint [95]. Hence, a strain minimization
should be performed after a surgical intervention of a posterior cruciate ligament and
strong muscle contractions should be avoided beyond a knee flexion of 30° [95].

Other biomechanical experiments focus on motions of humans and animals, e.g., Kec-
skemethy et al. [96, 97], who uses marker-based gait analysis to investigate gait symmetry
of stroke patients or worked on a tool to fuse patient-specific data of their bone geometry
with an integrated gait motion [98, 99].

In this thesis, a combination of motion analysis, FEM and multi-body simulations
are used to determine a new approach for FAI. Additionally, FEM and experiments are
combined to develop a new approach for FHN.

As reported in this section, biomechanical investigations can contain numerical mo-
dels, or experiments, or both. It is very important to validate numerical models using
experiments to ensure the numerical results are comparable with the real behavior. The

numerical approaches are essential to understand the Biomechanics better.

2.2 Clinical and Biomechanical Diagnostics

Diseases such as FAT and FHN have to be diagnosed using different methods. On the one
hand manual investigations are needed to check the mobility of the leg, on the other hand
medical imaging is very important to examine the bony structure and the soft tissue of

the hip joint.
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2.2.1 Medical Imaging

Medical Imaging are techniques to visualize the anatomy of animate beings. It is in
combination with biomechanics is very important to get a better understanding of bone
deformities. There are different possibilities to image medical problems: e.g., Magnetic
Resonance Imaging (MRI), Computer Tomography (CT), or X-ray. The disease in question
determines the applied medical imaging approach.

The MRI-technique is used to examine FAI patients. For necrosis X-rays and CTs
are performed. It is important is to check the anatomical parameters which indicates the
particular disease. Of course, X-ray and CTs are not the optimum techniques given their
harmful radiation but still they are complementary imaging technologies and each offers

advantages and limitations for particular applications.

2.2.1.1 Magnet Resonance Imaging (MRI)

The magnet resonance imaging (MRI), developed in 1973 by Lauterbur and Mansfield
is nowadays used in nearly every medical area for diagnosing and imaging the anatomy
and the physiological processes of the body in health and disease [100].

This technique uses hydrogen atoms in human bodies or other biological organisms
which hold unpaired atoms. Atomic nuclei have an impaired sum of protons and neutrons
in the core, which leads to a spin, so-called nuclear spin. This induces a magnetic field
and the core acts as a magnet. Bodies from unpaired elements normally have no external
magnetic field, because they neutralize each other by an accidentally arrangement but due
to an external magnetic field the orientation of the non-directional magnets changes to
parallel or anti-parallel to the magnetic flow direction [101, 102]. Finally, atomic nuclei
rotates in a Lamor precession around the axis of the external magnetic field. The frequency
of this movement is called Lamor frequency and is dependent from magnetic flux density
of the external field and the gyromagnetic constant of the atom nuclei. By stimulating
the atoms nuclei in the magnetic field using electromagnetic waves in this frequency,
a reaction of the nuclei appears. Protons are deflected off the equilibrium [101]. The
nuclear spin depends on the duration of the radiowave [100]. By varying the parameters
of the pulse sequence, different contrasts can be generated. At the end of the pulse, the
protons return to their initial position and generate a measurable, magnetic energy, called
relaxation [102]. This signal gives a conclusion of the density of the protons and the tissue
depended relaxation properties of the hydrogen atoms [101].

These are the techniques which are used to perform an MRI examination. The patient
is exposed to a magnetic field, created by an permanent, superconducting magnet [100].
This magnetic field is interfered with a high-frequency field (HF) generated by coils. For

generating images the relaxation parameters are measured and evaluated. Each tissue
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corresponds to a different duration for returning to the equilibrium state after excitation.
The density of photons, the number of hydrogen atom nucleus in the body, which is
investigated, and the duration of longitudinal relaxation T1 (spin-lattice relaxation) and
transverse relaxation T2 (spin-spin relaxation) are essential. In Figure 2.1, the graphs show
the longitudinal /transverse relaxation, the time the longitudinal /transverse magnetization
needs to get back to the static equilibrium after a HF pulse [102, 100]. The time between
two excitation-pulses is called repetition time and can be changed such that the contrast T'1
can be appointed. It determines how much longitudinal magnetization recovers between
each pulse and is measured in milliseconds. T2 is influenced by the determination of time
between the excitation and the recording of the response signal which enables different
illustrations of the part, which is investigated [101].

T1-weighted images (T1WTI) show fatty tissues bright, while T2-weighted images (T2WTI)
visualize fluids bright [100].
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Figure 2.1: Relaxation Time of MRI [102, 103]

For the generation of tomographies out of the MR signals, a coordinate system has to
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be stamped into the model. The first definition of the imaging slice is performed in z-
direction. Gradient coils are used to create gradient fields causing no resonance frequency
outside of the slice during the HF pulse. The next step is to define the y-direction using
the single phases of the spins by relying on another gradient field. Finally, the x-direction
is defined using a third gradient field. A Fourier-analysis can split the responding signals
and relate these phases to a three dimensional space [100].

An optimal adjustment of the different parameters is necessary to minimize the dura-
tion of the MRI investigation for the patients. An optimal contrast of the examined tissues
is important for diagnosing, thus, special sequences were developed in the last years, using
particular HF-pulses and gradient pulses. Contrast medium (gadolinium) can be used for
inflammatory affection or tumors to improve the quality of MRIs. Paramagnetic properties
of this medium reduce the T1-time and increase the signal for TIWI [101, 102].

For necrotic areas T1-weighted, and T2-weighted MRI sequences are recorded [104].

2.2.1.2 Computer Tomography

The Computer Tomography (CT) developed in the 1970s by Sir Godfrey Hounsfield
is nowadays also very important in nearly every medical field for diagnosing and imaging
of the human body. Basics for the CT, which is used today, were developed by Radon in
1917 |105]. The first investigation of a human was performed 1971 and 1979 Hounsfield
was honored with the Nobel prize [106].

X-rays always show pictures of the complete structure with minor resolution of the soft-
tissue compared with bones, because these have a high contrast. However, CT can generate
pictures free from superpositions, which enables to visualize small density differences, e.g.,
soft-tissues [106].

Images are reconstructed due to the determination of how much of the attenuation coef-
ficient of the narrow X-ray beam occurs in each voxel of the reconstruction matrix [107].
The typical slice thickness is around 0.5 to 10 mm. Gray levels are presented in an
2-dimensional image using the calculated attenuation coefficient [106]. Every object po-
sitioned between X-ray tube-detector assembly and detector reduced the intensity of the
beam and the attenuation coefficient can be determined [106]. Both parts, the tube-
detector assembly and detector, are moving and during this translation motion X-ray
path through the subject. The determined intensities are recorded and transferred into
images. Nowadays, CTs can record around 700-900 numbers of measurements [106]. After
completion of the translation, the whole system rotated around the subject by 1°and the
translation is repeated to collect another view. Today, CT scanner collect more than 1.000
views over 360° [107, 106]. Mathematical calculations are required to generate the typical,

2-dimensional images [106].
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2.2.2 Motion Analysis

In the following, the motion analysis is introduced. Motion analysis is used in medical
terms to investigate special movements of patients and to check whether movements are
limited. The files are saved in the special c3d-format, a special file format for motion

analysis and gait analysis data containing the three-dimensional coordinates [108].

2.2.2.1 Motion Capture

The motion capture system used in this thesis is from Vicon Nexus (Nexus, Vicon,
Oxford, UK), which includes recording of movement of a patient. In this thesis, the
system is used for the FAI to investigate the patient-individual range of movement of the
hip joint. In Figure 2.2, the top-view of the gait lab at the University Hospital Essen with
all its components is illustrated. Thirteen MX13 cameras, positioned higher than the head,
are placed around the measuring zone, which includes a 10 m walking distance and a force
plate in the middle, which is necessary for the kinetic data. Reflecting markers, which are

placed on defined points on the human body, can be recognized by these cameras.
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Figure 2.2: Motion Capture System in the University Hospital Essen (modified) [108]

The MX13 cameras send strobe light, which is reflected from the markers and caught

from the objective with a maximum resolution of 128021024 pixels. The maximum fre-
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quency is eligible until 484 Hz depending on the desired accuracy (in this study 100 Hz).
Coordinates of the markers can be calculated using the video file and the position of
the camera which enables creating a three dimensional muscoloskeletal system using the
belonging software. Quantitative analysis and archiving of movement are possible.
Before beginning with the measurement, a calibration of the cameras is required. Thus,
a special tool is moved in the room and the origin of the coordinate system is defined.
Additionally, anthropometric datas, such as body height, weight, and length of leg, of
the test person are captured. This information is necessary for further calculations, e.g.
determination of joint center etc. The width of the joints are determined, as well [108].
The plugin-gait model is a mathematical model of the human body to calculate the

kinematic and kinetic data based on the measurements.
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Figure 2.3: Marker-Position According to the Plugin-Gait Model [108]

Figure 2.3 illustrates the positioning of the markers on the human body. The signi-
ficance of each marker can be referred to source [109]. Markers are placed on joins and
other anatomic important areas. The anatomic reproducibility differs from test person

to test person and during dynamic testing less skin movement is important to get more
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accurate results. For the FAI study, it is sufficient to marker the lower extremity including
the pelvis which is illustrated in Figure 2.4 (16 markers). The width of the ankle- and

knee joint are needed in addition [108|.
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Figure 2.4: Visualization of the modified Plugin-Gait Model for FATI [108]

During the motion analysis the pain of the patient during the movement is recorded
using a special developed pain sensor which uses the reflex of cramping the hand to a fist
if the patient feels pain [108].

2.2.2.2 Visual Measurement

During the investigation, the patient is lying on a bench. The movement is performed
by the doctor, starting from the neutral-zero position to the maximum possible movement
(flexion/extension, internal/external rotation, abduction/adduction). Due to the dorsal
measurement the marker on the back has to be moved to the iliac crest as illustrated
in Figure 2.5 [110, 108]. A validation of this model can be find in Caspers’ bachelor
thesis [108].

Biomechanical Modeling and Numerical Simulation of minimal-invasive Treatment of Hip Joint Diseases 33

216.73.216.36, am 21.01.2026, 03:28:22. Inhalt.
tersagt, m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186295170

2 State of the Art

125l iGl Va1 ke
Alternativ HImp

LASI

Figure 2.5: Alternative Marker Placement Because of Dorsal Measurement [108]

The maximum angles are captured by the motion capture system. These data are
essential for further investigation of the FAI to determine the maximum possible movement

of the hip joint for each patient.

2.3 Therapy

In the following, the therapy of FAT and FHN with the current therapy possibilities are

explained.

2.3.1 Treatment of Femoroacetabular Impingement

In general, the FAI can be treated conservative with non-invasive or invasive techniques.
Non-invasive, conservative treatments such as physiotherapy, electrotherapy, or fango com-
bined with non-sterodial anti-inflammatory drugs (NSAIDs) and no extreme movement of
the hip are only short-term aid and cannot solve the problem. Sports with high movements
of the hip joint like soccer etc. should be avoided [111]. Patients with symptomatic FAI
after being diagnosed clinically and radiologically usually start with a conservative treat-
ment before undergoing a surgery. The favorable outcome of those non-invasive treatments
may vary as a consequence of several factors, e.g., the intensity of structural impingement
or the phase of secondary osteoarthritis (OA) [112].

If these conservative treatments yield no success, a surgical treatment needs to be

applied. The aim is to eliminate the pathomechanism by removing the bony deformities
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which causes the impingement lesion and to preserve the joint [111]. A surgery is performed
in two types: the open surgery and arthroscopic intervention. Both are effective in short
term and midterm, however, the arthroscopy of the hip is state-of-the-art and is often
performed to correct the bony deformities and if applicable the defective position of the
labrum. Important is this kind of treatment as it is joint preservative and decrease the
risk of OA [113].

Surgery of pincer-type FAI was already described in 1936 by Smith-Petersen, where
the rim of the acetabulum was altered, for example, from a patient with protrusio ace-
tabuli [114]. This is similar compared to an acetabular retroversion which is performed
nowadays.

An access to the acetabulum through an incision is performed, which is used to separate
the labrum from the rim of the acetabulum, where the excessice acetabulum is located,
without damaging the transition zone between the cartilage and labrum. Afterwards,
the bony deformity on the acetabular can be carefully shaped using a burr as visible in
Figure 2.6. Kling et al. [115] investigated the amount of bone which has to be removed.
The CE angle is responsible and they showed that cutting off 1mm would decrease the
lateral CE angle by 1°. After trimming, the labrum can be attached back to the acetabular

rim by using bone anchors with non-absorbable sutures, also visible in the figure.

Burr

Labral tear

Labrum

Anchaor

Figure 2.6: Surgical Treatment for Pincer-Type FAI [111]

In case of cam-type FAI, the surgery is concentrated on the femoral head which causes
the FAI to correct the deformity. The aspherical part of the femoral head is usually located
in the anterosuperior quadrant and the surface of the cartilage has a reddish look [116].
The deformity can be treated using a burr as presented in Figure 2.7. It is important is to
be cautious and not to damage the retinacular vessels during the osteoplasty because it can

causes avascular necrosis of the femoral head and, finally, the collapse of the joint [111].
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Figure 2.7: Surgical Treatment for Cam-Type FAI [117]

Mardones et al. [118] reported that the quantity of the substraction should not exceed
30% of the femoral neck diameter otherwise it may lead to a femoral neck fracture. A
failure of the labral seal can additionally appear, if the femoral head-neck junction is over-
trimmed referred by Martin et al. [111]. Bone wax is used to stop the bleeding during the
surgery [119]. An unsounded labrum must be repaired. Otherwise it will lead to an OA.

FAI is a precursor for hip OA but can be treated. Unfortunately, treatment can be

initiated too late which leads then to early OA anyway.

2.3.1.1 History

In 1933 Elmslie [120] presented that people with an age of 40-50 years who had a de-
generation of the hip joint already had preexisting undiscovered deformations of the joint
which probably could be the reason for it. In 1965, Murray suggested that minor anatomi-
cal abnormalities, such as e.g. minimal counterparts of slipped capital femoral epiphysis
and acetabular dysplasia resulting an incongruity and premature cartilage degeneration,
can cause most cases of primary OA of the hip joint. He demonstrated that in 65% of
200 cases primary OA patients also had some anatomical abnormalities, the other 35%
remain as “idiopathic” [121]. He also introduced the term “tilt deformity” of the femoral
head as its abnormal relationship to the femoral neck and concluded out that this could
cause premature femoral head epiphysial plate fusion, mild trauma, transient synocitis, or
minor epiphysiolysis. OA can be developed by this tilt deformity because of joint incon-
gruity. Stulberg and Harris [122] supported Murray’s findings and additionally reported
in 1974 subtle forms of acetabular dysplasia in more than 40% of patients with so-called
idiopathic arthritis. One year later Stulberg [123], described the “pistol-grip deformity” of
the proximal femur, similar to Murray’s findings, characterized by flattening of the lateral
neck surface, hooking at the inferomedial femoral head-neck junction, and loss of height

with widening of the femoral head. Solomon postulated besides, that OA was always
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secondary due to some underlying anatomical abnormalities. Additionally, he observed
that evidences of subtle acetabular dysplasia, tilt deformity, and post-inflammatory OA
in most cases of idiopathic or primary hip joint OA [124]. Moreover, he hypothesized that
OA always occurs in joints “other things happened first”.

Murray et al. [125] also postulated that some sports in a younger age can cause the
early mentioned bony deformities at the femoral head are due to extreme kinetic and
kinematic stress. In 1976, Resnick [126] assumed that the tilt deformity is not the cause
but the consequence of another osteoarthritic process. However, the fact that other joints
such as ankle or elbow rarely develop OA contradicts this assumption. Nevertheless,
more evidence was required. Until the 1990s the acetabular labral tears became much
more important and were increasingly described in orthopedic literature. The role of the
acetabular labrum needs to be understood and whether there is a relationship between OA
and a damage of the labrum. With the development of the hip arthroscopy, diagnosing
labral tears became easier and hip joint articular damage was reported [127, 128]. Later,
McCarthy et al. [129] suggested that a labral tear changes the biomechanical environment

in the hip joint which leads to degeneration and OA.

In the last decades, clinical techniques improved and based on magnetic resonance
imaging a better view on the pathomechanisms involved in FAI is possible because the
labrum, cartilages and joint space can be further investigated. In 1999 the term “pincer
impingement” was mentioned initially by Myers et al. [130]. Ganz et al. [131] developed
a safer access “open surgical hip dislocation” in 2001, which enabled a direct access to
and full view of the hip joint avoiding necrosis of the femoral head. They also showed
that a small deformity of bony tissue already has a big impact regarding FAI, charac-
terized by pain, limitation of movement and long-term also damage of the labrum and
cartilage [132]. Patient studies and cadaver studies were established and Rab et al. |[133]
supported the trend of understanding the FAT and damage of the hip joint using computer
modeling. Deep chondral injuries and secondary damage to the labrum were called “cam
impingement” in contrast to “pincer-impingement”, which attacks the labrum first, with
subsequent lesions occurring in articular cartilage [134]. Later, they postulated that FAI
is a critical factor regarding OA after observing more than 600 patients with unexplained
causes [132].

However, the real mechanism of damage is not further investigated and remains unclear.

2.3.1.2 Surgery

Surgery of FAI is performed using mainly two different techniques, the open surgical

dislocation (Ganz et al. [131]) and the mini-open-arthrotomie (Ribas et al. [135]).
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2.3.1.2.1 Open Surgical Dislocation

Ganz et al. [131] developed the open surgical dislocation surgery, the so-called open
luxation of the hip joint which is the very first technique for treating FAI and also a
technique which is still in use [29, 32]. An advantage is the good accessibility of the joint
and, hence, the area of FAIL. Nevertheless, this surgery still represents an hard intervention

into the human body and the time of rehabilitation is long compared to mini-open access.

2.3.1.2.2 Mini-Open-Arthrotomy and Arthrosopy

In 2007, Ribas et al. [135] developed the mini-open-arthrotomie which enables a more
convenient access to the human body for the patient, because the muscle impairment is
degraded. Permanent progress of this surgical technique of mini-open arthrotomy and
arthroscopy developed a pure arthroscopic method which is less invasive and degrades the
complication rate with short rehabilitation time [136, 29]. Pennekamp et al. [32] reported
that combined surgery methods are often performed given the limited access to the bony
deformity. The chose technique is very dependent from the competence of the attending

doctor legible in a study of Garjio et al. [137].

2.3.2 Treatment of Femur Head Necrosis

Femur head necrosis is a disease which occurs in patients younger than 25 years and are
most often treated with a total hip arthroplasty (THA) [138]. Unfortunately, there are
many mechanical complications regarding artificial joints and patients need at least one
revision surgery which leads to other methods of treatment [138, 139, 140]. Alternatively,
Core Decompression was developed which enables a healing of the femoral head in early
stages of the disease, as well as low morbidity and low rate of complications [138]. Also
nonoperative treatments are common, e.g., pharmacologic treatments, or biophysical ther-
apies such as electromagnetic fields, extracorporeal shock waves, or reduced weight bearing
(no or partial weight). However, Mont et al. [141] postulated in 1996 after investigating
819 hips treated with nonoperative management that such treatment should be discar-
ded due to not-satisfying results. In general, non-operative treatment is only sufficient in
very early stages of FHN and it can only slow down or even halt the progression of the

disease [25].

2.3.2.1 Core Decompression

Core Decompression (CD) first was described by Ficat et al. [64] in 1977 and was
a technique for diagnosing osteonecrosis of the femoral head. His procedure contains
introducing a 6 to 8 mm drill into the area of necrosis starting from the lateral cortex of

the greater trochanter. This enables a definitive histologic diagnosis of the necrosis. A
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secondary effect was a decompression of the femoral head and 94% of the patients with
Ficat stage I (1.3) disease showed good results. Additionally, this decompression permits
venous drainage and relieved congestion [142|. Later, Kiaer et al. [143| discovered that
intraosseous pressure is elevated and the partial pressure of oxygen is lower in patients

with ON so that a core decompression seems to reverse these effects.

2.3.2.2 Advanced Core Decompression

Advanced Core Decompression (ACD) is similar to CD but, additionally, the necro-
tic areal is removed and filled up with autologous bone and substitute material. Wright
Medical (Wright Medical Deutschland GmbH, Landsberg, Germany |144]) developed the
X-REAM™ a tool to remove a spherical shape of necrotic area as illustrated in Figure 2.8.
PRO-DENSE® (Wright Medical Deutschland GmbH, Landsberg, Germany) is a synthetic
biomaterial to fill the removed area with an osteoconductive effect [145]. This substitute
consists of calcium sulfate (CaSO,) with calcium phosphate (CaPO,) and has a compres-
sive strength of approximately 40 MPa. [146] Urban et al. [147] investigated that, CaSO,4
with S-tricalcium phosphate (8-T'C'P) granules have bone-forming capabilities: CaSO,is
resorbed in the first six weeks, primarily through simple dissolution, to allow early vas-
cular infiltration meanwhile CaPO, forms secondary porous scaffold that is condictive to
vascular infiltration and bone formation and resorbed after CaSO, by osteoclasts. Resorp-
tion and remodeling processes operate in the first 6 month, the bone is fully remodeled
after 6 to 12 month [146]. Landgraeber et al. [145] postulated in earlier studies a shorter

rehabilitation time and a higher stability of the femoral neck after treating with ACD.

Figure 2.8: X-REAM™ of Wright Medical [144]

The whole procedure of ACD is shown by Wright Medical [148]: Nowadays CD is

started using a 2 cm stab incision for access during fluoroscopic guidance (AP and LAT
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view) as illustrated in Figure 2.9. The fluted guidewire is introduced into the lesion, which
mostly is located at anterior and superior. Afterwards, the tissue protector is introduced.
With a 9 mm cannulated drill bit, the femoral head is decompressed by drilling a core
approximately 5 mm from the endosteal surface of the femoral head under fluoroscopic
view. After drilling, the X-REAM™ is used to carried out advanced debridement as visible
in the figure. The blades can be spread out and the necrotic area can be cleared. The left

space must be filled now with autologous bone and bone substitute [148].

Figure 2.9: Advanced Core Decompression of Wright Medical [148|

This method rises the healing of the diseased bone extensively and, thus, avoids a
THR. Furthermore, a shorter surgery time with around 60 min and smaller access of the
hip are advantages [144, 148, 146]. The removal procedure must be performed with the
goal to remove the highest amount of necrotic area to guarantee the healing of the hip

and, hence, a successful surgery [149|.
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In this section the materials and methods used in this thesis are described. At the be-
ginning, the theoretical model and the mathematics are presented. Subsequently, the
procedure of motion analysis is shown, in particular the special methods for both diseases,
FAT and FHN, are reported.

3.1 Theoretical Model

Solutions of engineering problems need a well-founded theoretical model. Important for
FE models are exact CAD data, material properties, and the correct boundary conditions
which have to be identified. This section describes the procedures, which are used in
this thesis. First, the theory of the finite element method is described. Afterwards,
both diseases including all investigation steps are mentioned. Furthermore, the contact
modeling for the FAI simulations is explained. With focus on FHN, the force application

and the material properties of cortical and cancellous bone is of importance.

3.1.1 Theory Finite Element Method

In the last decades, the finite element method (FEM) is well-established in many engi-
neering processes such as mechanical engineering, construction of apparatus, and vehicle
manufacturing [68]. A brief introduction to nonlinear structural mechanics is essential for
all further investigations. The prediction of the physical behavior of a component after,
e.g., loading, is possible using equations. For a complex geometry, this approach is limi-
ted. Thus, the basic concept of FEM is to divide this complex geometry into partitions,
so-called elements with simple deformation behavior. All single solutions can be combined
and a solution of the behavior for the whole system is predictable. The number of single
solutions is finite, and hence, this method is called FEM . The elements are connected to
nodes.

Solving structural problems using approximation methods, e.g., FEM, the internal and
external forces need to be in equilibrium in a weak sense, which can be expressed by
the principle of virtual work. This is considered by some as a statement of mechanics
more fundamental than the traditional equilibrium conditions of Newton’s laws of motion,
while others state that the classical laws pertaining to the equilibrium of the particle [69].
Zienkiewicz et al. [69] reported that the virtual work statement is simply a weak form of
equilibrium equations.

Basically, all numerical problems in the fields of engineering and physics, posed by
an appropriate differential equation and boundary conditions, imposed by an unknown

function u can be solved using the finite element method. The most general terms are
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the differential equation A(u) and the boundary condition B(u) including the unknown

function w [69]:

Al(u
Alw) = As(w) $ =0 (3.1)
Bl(u)

Figure 3.1: Problem Domain {2 and Boundary I" [69]

Figure 3.1 illustrates the problem domain 2 including the boundary I', the differential
equation A(u), the boundary condition B(u), the subdomain £2¢; and the boundary of the

subdomain I"¢ [69]. Searching for the solution, the finite element process will approximate

um i =y Ny, = N, (3.3)

where N, are shape functions described in terms of independent variables and all or
most of the parameters %, are unknown [69].

In general, in a 3D continuum the equilibrium equations of an elementary volume can
be written in terms of the components of the symmetric Cartesian stress tensor, where

T
b= [ by b, b, ] describes the free body forces acting per unit volume:

oz | OTay | Ore:
Al o + Ay + Oz + bI
_ O1e do. o1y _
Ay p=— T2+ +FE+b =0 (3.4)
Orpe 4 Oy | Oo.
A3 ox + dy + Oz + bz

In fields of solid mechanics, the six stress components will be functions of strain ¢,

which are computed using the displacement
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u=[u v w]" 169](3.5)

An arbitrary weighting function vector v is introduced to obtain a weak form

v =du= [ du v dw ]T. [69](3.6)

Since the set of differential equations (Eq. 3.1) has to be zero at each point of the

domain (2, it follows

/ T A(u)d = / [v1 A1 (u) + voAs(u) +---]1d2 =0, (3.7)

I7)
where v is a set of arbitrary functions equal in number to the number of equations
that are involved [69]. In a three-dimensional case, the equation is adjusted to include the

volume {2, which is the problem domain:

0oy 0Ty  OTy

T _ 5 =
dut A(u)d = /Q {(5u( o T By t 5, +bz)+(5v(A2)+Ow(A3)] d2 =0 (3.8)

2

Each term is integrated by parts and after rearranging it, the following remains accor-
ding to [69]:

Jo [%O’I + (% + %) Tay + -+ — Ouby — ovb, — (5wa] ag —---

- /F [duty + dvt, + dwt,]dI” = 0, (3.9)

where ¢ are tractions acting per unit area of external boundary surface I" of the solid:

ty NgOyp + Ny Ty + N2 Ty
t=19 to p =1 NaTay+Nyoy + Ty ¢ - (3.10)
t3 Ny Tz + NyTyz + N20,

The first set of bracketed terms in Eq. 3.9 shows the small strain operators acting on
du, which termed a virtual displacement (or virtual velocity) [69]. Introducing a virtual

strain defined corresponding to Zienkiewicz et al. [69] as

ox
v
dy
_ Dow _ ’
o = Bz = S(su, (311)
du ddv
oy T on
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where the strain operator ¢ is:

e = Su. (3.12)

Afterwards, the six stress components can be arranged in a vector ¢ corresponding to
Eq. 3.11, the Eq. 3.9 can be simplified to

/ 5eTdn — / suTbd () — / suTtdln = 0, (3.13)
2 2 r

which is the 3D equivalent virtual work corresponding to Zienkiewicz et al. [69]. As it
can be seen, the virtual work statement precisely is the weak form of equilibrium equations
and is, hence, valid for non-linear as well as linear stress-strain relations [69]. It is assumed
that the shape functions N include all independent coordinates of the problem and that
u was simply a set of constants by using the approximation to the problem of solving the
differential equation 3.1 by an expression of the standard form of Eq. 3.3 [69]. A unique
set of parameters can be determined using the final approximation equations due to the
present algebraic form [69]. With the use of independent variables, e.g., z, y, and z, it can
be assumed that all parameters @ are functions of z and, thus, the approximation is only

performed in the domain of , y, (2) and, hence, the Equation 3.3 is simplified to:

u= N(z,y)u(z). (3.14)

After the final discretization, the derivatives of u with respect to z will remain and the
result will be a set of ordinary differential equations with z as the independent variable,

e.g., in linear problems the equation is

Ku+Ci+---+f=0 [69](3.15)

with @ = du/dz. This partial discretization can be used in different ways, especially,
when the domain (2 is independent on z, e.g., when the problem is prismatic. For more
extensive reviews in the field of basis and fundamentals of the finite element method, the
reader is referred to corresponding literatures, e.g., Zienkiewicz et al. [69], Holzapfel [150],
Klein [68], Rust [151], and Bonet and Wood [152].

Additionally, the basic equation of motion is:

M xa(t) + D« u(t) + K = u(t) = f(t) (3.16)

(M : Massmatrix; D: Dampingmatrix; K: Stiffnessmatrix; f: Load; w: Displacement)
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If © is the frequency of the excitation, the term expands to:

M %ii(t) + D *aft) + K xu(t) = f* I (3.17)

Hence, the used simulations are linear, stationary, and static problems in which single
loadsteps are evaluated. Therfore, the mass and damping terms can be neglected. Thus,

the remaining equation is:

Kxu(t)=F. (3.18)

(F: Force; K: Stiffness; u: Displacement)

Every element can be solved using this equation, also known as spring equation, and
each node ensues three unknowns, the displacements in all three directions. The displa-
cement for each node is solved using an iterative or direct solver. By including material

properties, stresses can be calculated based on the displacement [153].

There are several types of solvers, which are used to solve simultaneously equations
of a system: sparse direct solution, Preconditioned Conjugate Gradient (PCG), Jacobi
Conjugate Gradient (JCG), Incomplete Cholesky Conjugate Gradient (ICCG), and Quasi-
Minimal Residual (QMR). Furthermore, distributed versions of named solvers are availa-
ble [154]. The Sparse Direct Solver is based on a direct elimination of equations, which
requires the factorization of an initial very sparse linear system of equations into a lower
triangular matrix followed by forward and backward substitution using this triangular

system [154].

In contrast, iterative solvers successively refine an initial guess to a solution, e.g., the
Preconditioned Conjugate Gradient (PCG), which are not further discussed because they

were are unused in this dissertation.
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Table 3.1: Typical Applications for Sparse Direct Solver [154]

Solver

Typical Applications

Ideal Model Size

Sparse Direct
Solver (direct

When robustness and solution speed
are required (nonlinear analysis); for

100,000 DOF
(and beyond)

elimination) linear analysis where iterative solvers
are slow to converge (especially for
ill-conditioned matrices, such as
poorly shaped elements).
Preconditioned  Reduces disk I/O requirement relative 500,000 DOF to
Conjugate to sparse solver. Best for large models 20 MDOF-+

Gradient Solver
(iterative solver)

with solid elements and fine meshes.
Most robust iterative solver in
ANSYS.

Jacobi Best for single field problems - 500,000 DOF to
Conjugate (thermal, magnetics, acoustics, and 20 MDOF+
Gradient Solver  multiphysics). Uses a fast but simple
(iterative solver)  preconditioner with minimal memory
requirement. Not as robust as PCG
solver.
Incomplete More sophisticated preconditioner 50,000 to
Cholesky than JCG. Best for more difficult 1,000,000+
Conjugate problems where JCG fails, such as DOF
Gradient Solver unsymmetric thermal analyses.
(iterative solver)
Quasi-Minimal High-frequency electromagnetics. 50,000 to
Residual Solver 1,000,000+
(iterative solver) DOF

The setting of the solver selection is set to program controlled. For both, the FAI
and FHN, the Sparse Direct Solver is used due to the high robustness and the nonlinear
analysis as visible in Table 3.1. The other solvers are used for different simulations.

FEM is an approximation procedure. If a calculation approximates to a boundary
value with increasing mesh quality, it is called convergence. However, if with increasing
mesh quality, the stress value also still increases, it is called divergence.

An absolute accuracy of FE simulations is impossible, only the accuracy of the mesh
quality is predictable, but FE simulations show well conformity with the reality. The
correctness of boundary conditions and material properties are very important to ensure
proper results of simulations. The results of a simulation should always be compared to
the reality.

Contact modeling of such problems is essential to get acceptable results. The definition
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of a contact is, if a body approaches an arbitrary surface during a movement and is
stopped, thereby. A deformation is also possible depending on the material properties of
the connecting bodies. Two bodies without any common elements can be defined as a
bonded contact if they lack of relevance for the calculation [151].

A good contact modeling in this dissertation is important to prevent an intersection
between body parts. In the FAI study, the connection between femur and acetabulum, and
femur and labrum is with friction, while the connection between acetabulum and labrum
is fixed as illustrated in Figure 3.2. The friction coefficient in biomechanic problems is
p = 0.01, as described in Kotz et al. [155]. The contact in this problem is unknown, i.e., if
there is any contact between the bony parts and when, at which position. The classification
of this contact problem is set to program controlled. A generous contact surface selection
should be performed, because it is uncertain at which exact point a contact will occur.
In general, a complete irrelevant surface should not be selected to ensure the shortest

simulation time.

Figure 3.2: Contact Modeling in ANSYS

The contact modeling is often very complicated and it is recommended to use the Pro-
gram Controlled setting of ANSYS. For the FAI it suffices to check, if there is a contact.
Different contact algorithms are usable, e.g., Penalty method, Augmented Lagrange, Nor-
mal Lagrange, and Multi-Point Constratint (MPC). The two main algorithms are briefly
explained in this thesis. MPC disallows penetration wherefore it is infeasible to be inte-
grated in this dissertation.

The Penalty algorithm uses mathematical optimization. For this purpose, it introduces
a force at the contact point which is penetrated across the surface of the target part
to disable a penetration. In this respect, statistical balance is reached if the potential
energy is minimal, i.e., as long as the contact is not reached, the potential energy is the

following [151]:
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1
W= iku2 —uF—Min. (3.19)

If this condition is interfered, another term is added, which increases the energy. Any
violation of the contact condition is punished by increasing the total virtual work. This
results in the name penalty. [156] A term is considered a “penalty” due to the violation

and the equation changes to:

1 1
W= ikuQ —uF + 5592(u)—>Mm. [151](3.20)

with penetration ¢ including e, the penalty parameter.

The contact force of the Penalty algorithm with contact stiffness ky [157]:

The minimum is reached if the following equation is set to zero including the relative

deformation Azx:

ow o1, 1 )
o0 = 5 2ku uF + QE(AI u)*| =0 (3.22)

ku—F —e(Az—u)=0
ku—F —elAx —cu=0

(k+e)u=F +elx

F+elx
U=—-

e [151](3.23)

In case of penetration, i.e., g < 0, the result is ' > kAxz [151]. The contact condition is
fulfilled, if the Penalty Parameter converges to infinity, however, on grounds of numerical

terms it will converge. This results in a remaining penetration of g [151]:
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1.5k
g= (1 - %) Az (3.24)

Furthermore, it is important to update the contact stiffness after each iteration, because
a certain penetration must be allowed, which is dependent on the contact stiffness. This
must be chosen in such a way that the amount of status-changes remains small, which
enables a small contact stiffness. However, the penetration should be as small that stresses
and deformations of adjacent elements are not incorrect which enables a great contact
stiffness. The contact stiffness should be chosen significantly greater than the stiffness
of the adjacent systems. The system stiffness only can be determined by solving the
FE-terms. Importantly, a contact leads to greater deformations [151].

Other contact algorithms are also possible such as Lagrange, which is not advisable due
to the robustness during penetration/contact and the fact that for symmetric contacts and
boundary conditions, the equation system is over-constrained [156]. The Lagrange method
adds the term

Ag(u) (3.25)

instead of the Penalty-term to the potential energy, such that the modified potential

energy with the Lagrange multiplier A results in [151]:
1, 4
W= §ku —uF + Ag(u) = Min. (3.26)

The main difference between both contact models is the calculation of the contact

force. In the following, the contact force of the Lagrange algorithm is:

Fy =kng+ A [157](3.27)
The extra term A is the reason for the lesser sensitivity of the contact stiffness ky [157].

The minimum is now reached if:

ow dg

— =ku—F+)X==0 3.28

ou ou ( )
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which can be iteratively transformed to

"Gy =g(u) =0

2
ku—F—-XA=0
"Ar—u=0 [151](3.29)
The second equation yields to
u= Az, (3.30)

which leads after insertion in the first equation to:

A=kDz—F (3.31)

and that the Lagrange multiplier is equal to the contact force [151].
Extensions of the algorithm include, e.g., Perturbed-Lagrange or Augmeted-Lagrange.
In this dissertation these extensions are not introduced due to the fact that the Lagrange

algorithm did not converge, when setting the penetration to zero as visible in Figure 3.3.

Contact Status Contact Status

Penetration

Closed Closed Penetration

Normal Lagrange Method Penalty-Based Method

Figure 3.3: Schematic Diagram of Normal Lagrange Method and Penalty-Based Met-
hod [157]

The meshing is very important to obtain realistic simulation results. A poor mesh
quality may cause a poor solution accuracy after simulation termination or a convergence
problem can occur [158]. Meshing is the dissection of the whole geometry in simple des-

cribable elements [153]. For this reason, an adjustment of the correct settings for each
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model is necessary. Different settings are possible to ensure the meshing quality, which is
controllable using software intern tools, e.g. skewness. If there are single elements with
improper quality, it is important to check where these are located, e.g. for the FAI project
there should not be any elements with a poor quality in the contact area.

Another essential factor to develop correct simulation results are material properties.

Using linear analysis the material properties are induced using the Hooke’s law

o=¢xE, (3.32)

which corresponds to the beginning of the stress-strain diagram [153]. However, if stresses
occur during the analysis above the liquid limit, the right material behavior cannot be des-
cribed using linear material properties anymore, because the material’s property weakens,
e.g., steel. Stresses increase slower and deformation increases, which necessitate another

material law [153].

3.1.2 Motion Analysis

During the investigation of the patients, the attending physician determines the range of
motion (ROM) of the affected hip joint. Additionally, the impingement test is performed
to examine if the patient has pain during this particular movement. The investigation is
performed in dorsal position, every movement is conducted three times.

Three rotational movements of the hip joint are investigated separately to determine the
ROM. The leg is positioned in the neutral-zero-position and moved to the five rotational
possible movements: flexion, internal and external rotation, abduction and adduction.
The extension is not possible due to the dorsal measurement, but it is irrelevant for FAI

mechanism. This test is separated into 5 stages visible in Figure 3.4:
e In stage one, the leg is moved to the body, flexion (x-axis).

e In stage two, the internal rotation is performed, the femur is moved around its axis
(z-axis). To simplify this movement for the physician, hip joint and knee joint are

flexed at 90°. The lower leg can be rotated until the maximum angle is reached.

e Stage three defines the external rotation and is similar executed like the internal

rotation but the lower leg is moved inside to the body.

e In stage four, the rotation around the y-axis is conducted: abduction until the

maximum angle is reached.

e The last stage, five, is the contrary movement: adduction. This movement is similar

to the abduction, but in direction of the patient.
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e Furthermore, the impingement test is performed to provoke an impingement of the
joint parts. Pain, which potentially occurs, can be detected using the developed pain
sensor, a differential pressure cell. If pain occurs, the test is positive and the patient
probably suffers from a FAI. The movement contains internal rotation with a current
flexion [108].

Test to examine the degree of movement FAl Provocation test

M

|

Stage 1 Stage 2: Stage 3: Stage 4: Stage 5: Stage 6:
Flexion Internal rotation | Ext. rotation Abduction Adduction Provocation test

\

8 |

Figure 3.4: Stages of Motion Analysis [108]

3.2 Femoroacetabular Impingement

An investigation of FAT requires extensive pre-processing, e.g., determination of degree of
movement, good quality MRI data etc. In the following, several methods are explained,

which are performed in this study.

3.2.1 Clinical Investigation of Degree of Movement

The clinical investigation of the degree of movement is essential to diagnose some limi-
tations of movement. The physical examination is performed by the medical doctor and
separated into six basic stages: flexion, abduction/adduction, internal-/external rotation,
and a FAI provocation test to ensure a possible contact between proximal femur and
acetabular rim.

FAI patients have a limited range of motion, flexion, adduction and internal rotations
are mainly affected [159, 160]. The physical examination should contain height, weight,
and overall fitness level of patients [159]. The Impingement test is essential during a clinical
investigation by a surgeon: During this test, the patient is lying in a dorsal position and the
affected leg is moved internally rotated, adducted at 90° and flexed. The bony deformity
impinges on the acetabular rim and causes a groin pain [132]. Hence, a specific attention

is paid to the amount of internal rotation with a flexed hip [159]. Additionally, other tests
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can be performed to validate the diagnosis, e.g., Apprehension test, FABER test, Dial
test, and leg roll test, which are not used in this study and, hence, not deepened [14].

Furthermore, the complete range of movement for flexion, abduction, adduction, inter-
nal rotation and external rotation is determined. This complete investigation is recorded
using 13 MX13 cameras of Vicon Nexus (Nexus, Vicon, Oxford, UK) in the gait lab. Du-
ring this investigation, the patient is covered with reflecting markers to get the full range
of motion for the patient’s affected hip as shown in Figure 2.3 in section 2.2.2.1.

The markers are placed according to the plug-in gait lower-body model except of the
back marker which cannot be placed because the movement is performed in a dorsal
position. During the measurement, the patient’s leg is moved from the neutral position in
all six stages considering pain. The marker on the back cannot be placed due to the dorsal
measurement why it is shifted [110]. For this study, the lower-body is marked using 16
marker as visible in Figure 2.4 in section 2.2.2.1. Furthermore, the width of ankle and knee
joint are recorded as additional anthropometric data. The hip joint center is determined
using the marker LAST, RASI, LPST and RPSI and the Newington-Gage model [161]|. The
other joint centers are calculated using the hip joint center [108].

The maximum rotational angles are recorded by the Motion Capture system. These
data are important for further investigations of the mobility of the hip and for comparison

between pre- and post surgery.

3.2.2 Generation of the Computational Domain (MRI)

The data generated by the magnetic resonance imaging (MRI) are DICOM files which have
to be switched into volumina for the multi-body and FE simulations, which is the medical
standard format developed by the National Electrical Manufactures Association (NEMA)
for image data including secondary information [162]. The MRI used in this study is
the Magnetom Aera with 1.5 Tesla (Siemens, Munich, Germany) and the 4G-TIM (Total
Image Matrix) technology. The slice thickness is 1.5 mm.

The segmentation software used in this thesis is MIMICS® (v16.0-18.0, Materialise,
Loéwen, Belgium) as visible in Figure 3.5. The MRI data is loaded into the software and
arranged in position, to ensure the view of the data in all position.

The procedure of segmentation is to select the area of importance in each slice. MR
images have no further information about the density compared to CT data which is
the reason for the manual segmentation. CT data can be handled by several automatic
solutions such as thresholding etc. An advantage of MR data is the soft tissue which is
also recorded and thus, the labrum etc. can be segmented. In Figure 3.6 an example of
MRI- and CT data used in this study is shown.
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Figure 3.6: MRI (left) CT (right)

The used slice thickness is 1.5 x 0.9 mm per pixel. Different masks are used in
MIMICS® to separate the different parts e.g. femur, acetabular and labrum. In coopera-
tion with the university hospital a mostly exact bone model is developed which is extracted
in the STL format (Stereolithography), a data type and an interface between CAD soft-
ware. The position of the bones and the coordinate-systems still remains what enables a
correct and exact positioning. The MRIs are performed in neutral position. Therefore,
the leg is fixed to prevent a rotation in the hip model.

The existing STL (Stereolithography) format is a neutral format to store three dimen-
sional geometric information. The surface geometry of a 3D object is stored without any
representation of color, texture or other common CAD model attributes [163]. The surfa-
ces of an CAD model are described with unstructured triangulated surfaces and the normal
vector. Unfortunately, the quality of these models is dependent of the slice thickness and,
of course, irregularity can occur which requires a post-processing e.g. smoothing. The

difference between pre- and post-processing is visible in Figure 3.7.
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(a) unedited (b) smoothed

Figure 3.7: Smoothing using MeshLab

This post-processing is performed with the open source software MeshLab (v1.3.3, P.
Cignoni, Pisa, Italy) [164]. The hip models are smoothened regarding the desired accuracy.

The surfaces are reconstructed using the Poisson method [165]. Therefore, the function
in Filters — Remeshing, Simplification and Reconstruction — Surface Reconstruction:
Poisson is used. If the values of Octree Depth and Solver Divide are high, the calculation
achieves more exact results with a higher quality but also requires significant more calcu-
lating time. The values of 10 and 8 promise reasonable results. The parameter Samples
per Node should remain 1, because higher values produce higher smoothing results which
also affects the volumina. The function Surface offsetting adds volumina which is lost by
smoothing. A value of I configures that nothing is added, but given a value of 0.999999
more material is added. This procedure is depended on the manual segmentation.

Facets can be reduced in the areas of no interest to ensure short processing times.
This can be performed using the function Filters — Remeshing, Simplification and Re-
construction — Quadratic Edge Collapse Decimation. Subsequently, a mesh repairing
procedure is performed. The corner points which are nearer than a given value are mer-
ged. (Filters — Cleaning and Repairing — Merge close Vertices). A similar correction
is performed for edges and facets. (Filters — Cleaning and Repairing — Snap mismat-
ched Borders). If the model has so called T-Vertices, which are groups of facets with an
edge of one facet that is divided through two adjacent facets, problems may occur during
the procedure. Hence, this information is removed (Filters — Cleaning and Repairing —
Remove T-Vertices by Edge Flip). Exact same facets will be eliminated using Filters —
Cleaning and Repairing — Remove Duplicate Faces. The same procedure is performed for
double corner points (Filters — Cleaning and Repairing — Remove Duplicated Vertezes).

All facets with an surface area of zero and the disengaged corner points are deleted (Filters
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— Cleaning and Repairing — Remove Zero Area Faces, Filters — Cleaning and Repairing
— Remove Unreferenced Vertex).

The MeshLab function Show Layer Dialog shows the results of each step. The corrected
model can be exported and stored as STL-File. The last step is the compilation in an
volume model which is achieved by using the open source software FreeCAD (v0.14, J.
Riegel, Ulm, Germany). This step is only possible, if there are no errors in the mesh.

Additionally, a second software CATIA (v5, Dassalt Systémes, Veélizy-Villacoublay,
France) was used to smoothen and converse the geometry. This software uses a NURBS
method to reconstruct the surfaces. First, the STL file was imported into CATIA and
the function Flip Edges is used followed by the tool Mesh Smoothing. Mesh Cleaner is
applied to check whether there are any issues with the mesh, hence, the tool Fill Holes
is approached before reconstructing the surfaces. Afterwards, the surface of the model is

smoothed by using the tool Quick Surface Reconstruction, as visible in Figure 3.8.

(a) unedited (b) smoothed

Figure 3.8: Smoothing using CATIA

Finally, the solid model is generated using the tool Close Surface and exported into a
STEP file (Standard for the Exchange of Product model data), which allows the usage of
the model for the simulations. All steps in CATTA are performed using default settings.

3.2.3 Important Parameter of the Hip Joint

Several patient specific parameters of the hip joint are necessary to simulate the movement
of the hip joint. New methods are required to find the hip joint center, the hip head

diameter and the femoral neck axis.

3.2.3.1 Determination of the Hip Joint Center
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The movement simulation of the hip is controlled using angles which are determined
in the motion analysis, the hip joint center (HJC) is essential to rotate the model around
the center. Slight deviations can accrue great errors, e.g., rotation of the hip joint etc.
and probably the impingement contact of a patient is not correctly calculated. Determi-
nation of the mass points using CAD software Creo Parametric (v3.0, PTC, Needham,
Massachusetts, USA) is rather difficult because the selection of only the femoral head is
very inaccurate. More exact methods are needed, such as an adjustment of a ball which is
often described in literature [166, 167, 168|. In this work, several methods are developed
to ensure the most precise result of the coordinates for the HJC. A viable method is the
calculation of the HJC using the marker of the motion capture system. In the last years,
several concepts were developed using experiential or mathematical approaches [169].

A comparison between a motion capture and a simulation model is only possible by
using markers in the MRI. Unfortunately, the lying position of the patient in the MRI
makes a complete marking complicated, so only two relevant markers can be placed M#/ M,
and MBI\, which corresponds to an insufficient amount of data points to rely on the
mathematical approach. However, a vector S M, to M“H.JC can be extracted from the
motion capture system and integrated into the calculation. The recommended way for the
determination is in the lying position during the motion capture analysis, because it is the

C, .
UM1-HJC 1S

same position as during the MRI. For the purpose to ensure that vector *
correct, it is necessary to control both coordinate systems on the same orientation. For
all views, the vector Uy1_ 2 of the markers is required to extract the unit vector by using

the absolute vector |v]:.

=l

(3.33)

(9]
Il
=

d MRI

Using both unit vectors M“&y_, 10 an Emi-a2, the rotation matrix M Ry is

computed which contains the differences in the orientation [170]:

Cayrr * Came Camrr  Cyme  Cxmpr C Czuce

MRI _ = — — — _ _

Rye = Cymrr “ Cymc  Cymrr “Cymc  Cymrr T Czuc (334)
Czmrr *C2nc Cazmnr  Cymce  CamrrC Crzme
Thus, the vector can be matched with the MRI coordinate system:
MRI MRI MC ~ r
UM1sHIC = Rye +% Umisnic (3.35)
The final coordinates of the HJC are calculated using the M7/ )/,
MRI MRI MRI ~

HJC = My + VM1HJIC (336)
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Another method to determine the HJC is the circle method with the use of circles
in different layers of each direction of the coordinate system. These circles have to be
manually fit using a CAD software such that the sphericity of the femoral head is fitted.
All layers are generated in each of the three directions with distances of 6 mm as it is
visible in Figure 3.9. In each of 18 layers, a circle is generated such that it fits into the
femoral heard (diameter and center). 18 center points are determined in this way, further

the arithmetic mean is calculated and the final hip joint center can be calculated.

& ao«aw@®E TN Ty aAaR@o

Figure 3.9: Circle-Method to Determine the HJC

An additional possibility to determine the HJC is the use of the coordinates, which
are needed to measure the femoral head diameter. MIMICS® saves the coordinates of the
center and can export them into a text file. Since the diameter is measured in six different
angles, the average of all coordinates from each direction is calculated and the input as
the coordinates of a single point, the HJC, in a CAD software as visible in Figure 3.10.
The reference of this point is the coordinate system of the femur.

The last possibility for the HJC determination is the sphere-fitting-method whereby
a sphere is fitted into the femoral head. The goal of this method is to parameterize the
parameters of the sphere such that the distances to the femoral head are minimal. First, a
layer is generated using Creo which is near the middle of the femoral head. All distances
to the origin are defined as parameters. A semi circle is generated such that the femur
adjoins it also with a diameter and distances as parameters. With the rotation of this semi
circle, the sphere is generated. Afterwards, design-points are generated on the surface of
the femoral head. The more points are generated, a more exact result of the determined
HJC can be determined, but this procedure is also time-consuming why only 25 points
were seeded. The tool Feasibility/Optimization in Creo is used to change the radius such
that the distance between the points and the sphere is minimal. A good trade-off between

calculating-time and exact results must be found (variations = 3000).
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Figure 3.10: MIMICS® method to Determine the HJC

Figure 3.11: Motion Envelope Tool to Determine the Quality of the HIC

To control the quality of the HJC, a special function in Creo is used called motion
envelope as described by Westermaier [171]. Goal of this tool is to move the femur around
the developed HJC and save all generated areas in a new component, the motion enve-
lope. A visual control is now possible as the femoral head should still be round after the

movement (cf. Figure 3.11).

3.2.3.2 Determination of the Hip Head Diameter

The Hip Head Diameter (HHD) is a very important parameter for the determination
of the impingement. Here, the method to determine the HJC is essential, because the
sphere-fitting method has the advantage that the diameter of the head is saved as a

parameter during the determination of the HJC. However, if the circle method described
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in section 3.2.3.1 was used to determine the HJC, it is still possible to determine the head
diameter with constructive effort. Several planes are generated through the HJC and in
every plane, circles are drawn such that they tangent the edges of the femoral head. By

calculating the average of these circle diameters, the final HHD can be determined.

3.2.3.3 Construction of the Femoral Neck Axis

For evaluation of the cam-type impingement, HJC and femoral neck axis (FNA) are
of great importance. For designing this axis, Creo is used. For this purpose, a layer is
defined which should be positioned in the area of the femoral neck axis. Additionally,

another layer is placed in the xz-plane referring to the HJC as illustrated in Figure 3.12.

SCHENKELEBENE _1

ILF SEBENE_XZ

\ DERBULT
\ V_jL_

Figure 3.12: Construction of the Femoral Head Axis

The next step is to draw an axis through the HJC and the supposed femoral neck axis.
For the correct position, another construction circle is drawn which tangents the edges of
the femoral neck which is visible in Figure 3.13. For this purpose, this drawing has to be
saved as a part. A correction of this procedure is performed. Furthermore, another plane
is generated orthogonal to the previously saved part. In this plane, a drawing (ellipse or
circle) is generated which also tangents the femoral neck. The origin of this drawing is the
wanted construction point for the femoral neck axis. Afterwards, this point and the HJC
built the femoral neck axis. An evaluation of the found FNA can be performed comparing
the distanced between the FNA and the surfaces of the femoral neck. Nearly the same
procedure is necessary to determine the alpha-angle, which is described in the following

subsection.
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Figure 3.13: Construction of the Femoral Neck Axis

3.2.3.4 Alpha Angle

The Alpha angle is an important factor to determine the bony deformation in case
of cam-type impingement. For this purpose, the convention of a clock face is necessary.
Several planes have to be placed through the femoral head and the FNA which are rotated
by about 30°. As reference, a plane 12/6 o’clock is essential for a sensible analysis which
is placed through the FNA and the z-axis of the HJC (brown visible in Figure 3.14).

NEBENE 12_6_UHR_AN_EBENE_D

NE _7-ACHSE_SCHENHELHALSACHSE

_ACHSE _HIP-JOINT

Figure 3.14: Example of Construction of the 12/6 o’clock Plane (green)

Thus, this plane is not parallel to the corpus femoris, the 12/6 o’clock can be determined
by rotating around the FNA. Another five planes can be generated to determine the Alpha

angle all around the femur as visible in Figure 3.15.
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Figure 3.15: Construction planes for the Alpha Angle [171]

The determination of the Alpha angle is done in all planes. After consulting the atten-
ding doctor, the HHD is drawn in each plane, which is necessary regarding the inaccurate
spherical geometry of the femoral head otherwise the angle values are inaccurate. The
fitting accuracy of the HHD shows the quality of the founded HJC, in addition. For de-
termining the alpha angle, two auxiliary lines through the HJC are drawn in which the
spherical geometry is lost visible in Figure 3.16, the so-called bony deformity. Both angles

between FNA and the auxiliary lines are measured.

Figure 3.16: Construction of the Alpha Angle

Using these important hip joint parameters, the degree of movement for the hip joint

can be described.
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3.2.4 Pre-Operative Simulation of Patient-Individual Hip Joint Models

An investigation of the pre-operative degree of movement is performed using CAD-software
and FEM-software to compare the results with each other. FEM software has the advan-
tage to get additional information about occurring stresses, which can predict a failure of

bone.

In the Table 3.2 the patient data are presented.

Table 3.2: Patient Data

Patient Surgery Age Gender Affected Hip

1 pre 24 m right
2 pre 31 m right
3 pre 52 f right
4 pre 27 m right
5 pre 31 f both
6 pre 34 f left

7 post 32 f both
8 post 28 m right

3.2.4.1 Geometric Simulation (CAD-Software)

For multi-body simulations using the CAD software Creo Parametric coordinate sys-
tems in both bones acetabulum and femur must be inserted at the position of the HJC
according to the neutral position. A new component assembly is generated with the
acetabulum in standard orientation. New studies of Kapron et al. [172] show a slight
movement of the acetabulum while the femur is moved to the maximum possible angle.
An investigation of this phenomena is not implemented in this study, because the required
measurement of the matching acetabulum movement has to be performed, in addition. In
this study, the movement of the hip joint is simplified by an only moving femur and the
acetabulum is placed rigid. For the integration of the femur, the coordinate system of the
HJC is used. The function Gimbal is used for the movement of the hip joint as visible in
Figure 3.17.
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Figure 3.17: Gimbal Function in Creo

Servo motors are used to simulate the movement of the hip joint. Function Mecha-
nism — Play is used to evaluate the motion sequence. Subsequently, a collision check
is performed to analyze the contact between both bones, acetabulum and femur. The
intersection status is controlled by Creo and an acoustic signal is given if a contact occurs.

Furthermore, the collision parts are colored red, which is visible in Figure 3.18.

Figure 3.18: Simulation of a Collision with Creo (Collision Area is colored red)

Using this procedure it is simple to check, if the patient suffers from a bony impinge-

ment or not.

3.2.4.2 Finite Element Simulation

FEM simulations are performed because of the essential advantage that stresses and
resulting deformations are additionally calculated, when compared to CAD simulations,
which necessitates more time for the calculation. The software used for the simulation is
ANSYS (Workbench v16.0, ANSYS, Canonsburg, Pennsylvania, USA). In the following,
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the single steps for the mechanical analysis are explained. For the FAI simulations, only
the kinematics are important and, thus, additional forces are negligible. The bones are

fitted to the most important regions to reduce calculation time.

Realistic presentation of stresses and deformation using a simulation is only possible
by implementing realistic material properties. Both bones mostly consist of cancellous
and cortical bone, which makes the definition difficult. Unfortunately, MRI data have
no additional information of the density, which massively hinders the classification of the
relative parts. Every human being is different and so are the bones. The bones adapt to
the stresses, which a human performs during life [173]. Liska et al. [173] also compare the
nature to Mechanical Engineering, the human skeleton, which is developed with a hollow

construction to ensure high bending stiffness by low weight.

For an exact mechanical model of the human hip, the bones have to be separated into
both, cancellous and cortical, parts populated with different material data. Additionally,
the properties of the different loading directions have to be considered. However, this thesis
only shows the biomechanical procedures, which are the reasons for pain and limitation
of movement by FAI. Therefore, the contact modeling is more important and the complex
segmentation procedure of cortical and cancellous bone can be neglected, which would

cause additional errors.

For the FAI, the Pure-Penalty-Algorithm is used to simulate the contact between ace-
tabulum/femur and femur/labrum due to its multi-functional usability as described by
Gebhardt [153]. The contact stiffness is essential here: A small intersection is a result of
a high contact stiffness value, which can result in a divergent simulation. A small contact
stiffness value will lead to wrong tensions, stresses and displacements such as described
in 3.1.1. Thus, a program controlled update of this value (starting with 0.01) after each
iteration is chosen. The friction coefficient is set to 0.01 as usual for cartilage-cartilage

contacts [174] and described in Section 3.1.1.

Furthermore, the acetabulum is fixed in all directions, and all parts of the hip joint are
inserted with the standard coordinate system of MIMICS®. These conditions are added
to the model under Static Structural. The surfaces of the ilium, which are showing cranial,

are fixed.

The meshing in FEM simulations is essential and, thus, the following parameters were

selected:
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Table 3.3: Mesh for Femoroacetabular Impingement

Part Method Algorithm Max. Element Size  Feature Angle
Acetabulum Tetrahedrons Patch Independent 20 mm 30°
Femur Tetrahedrons Patch Independent 5 mm 30°
Labrum Element Size 1 mm, Soft Behavior

A Patch Independent algorithm is selected due to the high number surfaces. The
Patch Indepenedent mesh method is used to ensure refinements of the mesh wherever
they are necessary, but also maintains larger elements where possible [157]. This method
allows a faster computation. Additionally, a virtual topology, consisting of tetrahedrons,
is generated over all bodies [153]. During the first tries with the maximum element size
is set to 2.5 mm with a feature angle of 22° [171]. However, the simulation duration
increases and, thus, the maximum element size and feature angle are increased, as visible
in Table 3.3. For the labrum, the Patch Independent algorithm is not compatible, because

the geometry is very complex, wherefore the method is changed to Element Size.

Figure 3.19: Meshing of a Patient-Specific Hip Model

One example for the mesh of a patient-specific hip model is visible in Figure 3.19. The
number of elements and nodes are illustrated in Table 3.4. The finer the mesh settings
are chosen, the more elements and nodes are generated and the duration of the simulation
increases. It is important to find a setting, which combines an acceptable simulation

duration with a reasonable accuracy of the geometry.

Table 3.4: Meshing results with and without Labrum

Method Elements  Nodes

without Labrum 284,186 419,459
with Labrum 585,890 112,629
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The mesh quality shows good results with the settings visible in Table 3.4. Only very
few elements, which were not in the area of interest, showed a bad quality. The meshing
of the small labrum is very difficult. The skewness of the mesh is one option to evaluate
the quality. The range is between 0 and 1. The closer the value comes to 1 the worse is
the quality. A value below 0.5 indicates a good quality of the mesh [157].

Since a few years, FE simulations are also essential in biomechanics. For FAI resulting
deformations and stresses of the bones can be predicted and so it can be compared to
patient’s limitation of movement and pain during special movements. For the FHN, the
FE simulations are important regarding stresses and stability of the bone and to investigate
the angle for drilling with the lowest stress. More information for FEM can be found in
Gebhardt, Klein and Rust [153, 68, 151].

Material properties of cortical and cancellous bone are illustrated in Table 3.5. Thus,
the human bone has different material behavior in different directions, it should be con-
sidered to correctly model the bone. Unfortunately, there are no feasible bone models in
ANSYS for which reason a isotropic material behavior was set in the beginning. Additi-
onally, material properties of labrum and cartilage are not fully investigated, yet. Moglo
et al. [175] and Ferguson et al. [176] found cartilage and labrum properties of a bovine

sample as illustrated in Table 3.6. Cartilage material properties have been set to linear

elastic.
Table 3.5: Material Properties of the Cortical Bone
Author Cortical Bone  Cancellous Bone
E |MPa] v|[] FE[MPa] vl
Rohlmann et al., 1982 [77] ~ 18.000 0.33  30-2000 -
Zhao et al., 2010 [177] 17.000 0.30 not used
Anderson et al., 2010 [178]  17.000  0.29 not used
Chengini et al., 2009 [179]  20.000 - 100 -
Speirs et al., 2007 [180] 17.000 0.30 1.000 0.3
Rudman et al., 2006 [181] 17.000 0.33 100 to 400 0.3
Tran et al., 2016 [182] 12.000 0.4 600 0.29
Table 3.6: Material Properties of Soft Tissues
Soft Tissue Author E [MPa|] v []
Cartilage Moglo et al., 2003 [175] 12.00 0.45
Labrum  Ferguson et al., 2001 [176] ~ 20.00  0.40
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The implementation of anisotropic material behavior of bone into finite element ana-
lysis would describe the stresses and deformation more exact, because elastic modulus,
shear modulus and Poisson’s ratio differ in the directions visible in the Table 3.7. Since
the exact orientation of the single elements in a bone remains unknown, it is difficult to
implement this in the model.

However, a better understanding of the biomechanical procedure of the FAI is impor-
tant and forces are not applied into these simulations so a linear elastic material model is

assumed as it was chosen by Tran et al. [183].

Table 3.7: Elastic Modulus, Shear Modulus and Poisson’s Ratio for the Pelvis and Femur
with a Linear Elastic Orthotropic Behavior [184, 185]

Elastic Modulus [GPa] Shear Modulus [GPa| Poisson’s Ratio [-]

E, =116 Gy = 4.0 Ugy = 0.42
E, =122 Gy = 5.0 vy. = 0.23
E. =199 Gp. =54 Uge = 0.23

The Contact Tool was used, which contains, e.g., Status, Penetration, and Gap. This
is very useful to analyze the collision of the femur with the acetabulum or labrum.

The simulation is controlled by joints, which are generated to operate the rotations
around every axis for flexion, adduction, and internal rotation, respectively. The deter-
mined angles of the motion analysis for every patient can be inserted into the particular

joint as shown in Figure 3.20.

Figure 3.20: Rotation Joints for Every Axis to Control the Simulation

3.2.5 Determination of the Bone Removal

A optimal treatment for FAT patients is the removal of the bony deformity, which disables
the free movement of the femur. For this purpose, CAD Tools can be used to determine

the removed bone part by using CAD simulation. A free movement of the femur can be
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guaranteed after removing the colliding part of the bone. CAD software is more suitable
than FEM software for this project due to the fast calculation-time.

The bone removal surgery can be performed using the navigation system of Brainlab
(Brainlab AG, Munich, Germany) Hence, it is possible to mark the bony deformity in the
simulated model and load this result in the system of Brainlab. The Brainlab-pointer can
be used during the surgery and, hence, a controlled removal of the bony deformity can be

performed using the navigation-controlled surgical tool.

3.2.6 Post-Operative Simulation of Patient-Individual Hip Joint Models

The post-operative simulations are performed in the same way as pre-operative simulati-
ons. Both CAD simulations and FEM simulations can be developed using the MRI data
after surgery. At the end a comparison between pre-surgery and post surgery can show
the outcome of the surgery and if enough bone is removed to ensure the most possible

range of movement for the patient.

3.3 Femur Head Necrosis

A three-dimensional computer aided design model of full femurs is generated from MRI

scan data. The standard sequence for necrosis is used described in section 2.2.1.

3.3.1 Generation of the Computational Domain (CT and MRI)

The segmentation of the femur was performed using MIMICS®. DICOM files were pro-
cessed and the 3 mm slices were manually segmented. Subsequently, the generated rough
STL model was smoothed using MeshLab. Errors and irregularities of the model could be
repaired with the disadvantage that the geometry is changed and, hence, is not as accurate
anymore. This is necessary to guarantee an accurate three-dimensional model. Facets with
errors must be eliminated and surfaces have to be smoothed using the same procedures
described in section 3.2.2. The segmentation process of MRI data was equal compared
with the process in the FAI study. The CT data handling is easier due to threshold-tools
of MIMICS which automatically select the needed tissue, e.g., the femur in this study.
Afterwards, the 3D model is generated using FreeCAD.

3.3.2 Determination of the Center of Mass of the Necrotic Area

In this section, the determination of the center of mass of the necrotic area is described.
The necrotic area is also segmented manually and converted into the 3D model using the
same procedures. This point is the endpoint for the drilling path to enable the most

possible removal of the necrotic area. For this purpose, the function Analysis — Mass
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Properties — Center of Gravity is used. Finally, both models, the femur and the necrotic
area, are combined in Creo Parametric with the Component Operation — Cut Out in
Assembly Mode. The right positioning is guaranteed and the result is visible in Figure 3.21.
The model is exported into STEP for the simulations. This procedure was performed using

different CAD software as comparison.

Figure 3.21: Generation of the Hip Model Including Necrotic Area

The drilling holes are generated in ANSYS. For this purpose, one coordinate origin is

positioned into the center of the necrosis and at the greater trochanter region.

3.3.3 Finite Element Model

The finite element model is used to determine the optimized drilling regarding occurring
stresses. In further studies, two different load cases of the femur are investigated as
aggregated in Table 3.8 [183]. These load cases show daily activities and the walking
downstairs-case is important due to maximum loads acting on the femoral head according

to Bergmann et al. [24].

Table 3.8: Hip Joint Forces |[N] During Daily Activities [183]

Load Case F, F, F, |F|

Normal Walking ~ —411.24 —247.1 2078.14 2132.8
Walking Downstairs —411.29 —227.98 2212.37 2261.8

A coordinate system (t,d) in which ¢ and d correspond to posterior and distal direction
is defined. The origin of the coordinate system is located at the inferior border of the
greater trochanter in the subtrochanteric lateral cortex as the position of the supposed
standard entrance point [183]. Twelve different entrance points were chosen corresponding
to twelve models: (0,-5), (0,0), (0,5), (0,10), (0,15), (0,20), (10,-5), (10,0), (10,5), (10,10),

(10,15) and (10,20). The coordinates were measured in mm. The nearest entrance points
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with respect to the greater trochanter region are (0,-5) and (10,-5). The farthest distal
entrance point built (0,20) and (10,20).

A mesh convergence analysis was performed by Tran et al. [183] for the (0,0) case
during normal walking for different meshes with different maximum element lengths. A
significant difference could not be found and the mesh with a maximum element length of
3 mm was also chosen in this work. The FE analysis for this dissertation are performed
using ANSYS v17.

Generally, there is no contact modeling necessary for the FHN project. More important
are the correct material properties and a program controlled generation of the drilling core
to predict the drilling with the lowest stresses. Therefore, so-called points-of-interest are
generated at the trochanter major and the femoral neck, because the failure always occurs
in these areas [183]. The program controlled drilling generation is enabled using the
parameter function in ANSYS. For this purpose, several parameters have to be defined
such as the starting point and ending point of the drilling. Additionally, the center of the
necrotic area and the acting force on the femoral head are also specified as a parameter
which allows a simple adjustment of the values. The drilling is inserted dependently from
the necrotic part as visible in Figure 3.22. Maximum Principle and Shear in the areas
of the femoral neck and the entrance point of the drilling channel are calculated. This is

implemented in ANSYS using a region of interest.

Figure 3.22: Definition of the Drilling

At the center of mass of the necrotic area and at the greater trochanter coordinate
origins are inserted to ensure the parameter controlled drilling.

The limitation of this simulation is given because the whole bone is not divided into
cancellous and cortical parts, however test simulations showed similar results of the stresses
which leads to the hypothesis that a complete cortical bone show a very similar behavior
compared with the study of Tran et al. [183|. Although, the MRI quality insufficient for
a separate segmentation. The material properties used are the same Tran et al. [182]
presented. Additionally, a comparison between a model exclusively using a cortical bone

and a model with cancellous and cortical bone is performed in this study.

Biomechanical Modeling and Numerical Simulation of minimal-invasive Treatment of Hip Joint Diseases 71

216.73.216.36, am 21.01.2026, 03:28:22. Inhalt.
tersagt, m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186295170

3 Materials and Methods

The necrosis area is inserted as a bonded contact. The same meshing settings as Tran
et al.’s [183] are used in this dissertation. The meshing results are presented in Table 3.9.
Thus, no significant differences were visible in the study of Tran et al. [183] comparing 4-
node tetrahedrons and 10-node tetrahedrons. The second is used in this study to evaluate

the nodes inside an element.

Table 3.9: Meshing results of the Necrosis Model

Method Elements Nodes

10-Node Tetrahedrons 736,516  1.057,709

0,080 (m)

Figure 3.23: Meshing of the Necrosis Model

The skewness for the necrosis models are also mainly in the area between 0 and 0.5,
which corresponds to a meshing of proper quality [157]. In Figure 3.23 the fine meshing
is visible. The value of the area radius for the femoral neck is chosen 2.0 exp —002 m with
an element size of 1.0 exp —003 m. For the entrance point the area radius is 3.0 exp —002
m and element size of 1.0 exp —003 m, which is the reason for the accurate mesh result
(cf. Table 3.9).

Another important boundary condition is the fixation of the femur shaft. For this

purpose, the bone is cut distal from the hip to ensure a similar fixation for all bones which
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are simulated as shown in Figure 3.24.

0,000 0,050 0,100 (rm)
 —1

0,025 0,075

Figure 3.24: Fixation of the Femur

3.3.4 Neural Network

In this section a short introduction of learning machines and neural networks is presented.
A neural network is an information processing algorithm, which is created following the
way human brains work [186]. McCulloch et al. [187] already developed in 1943 the first
formulations of this method, which contains a building of a computational model of the
nervous system in the brain [188|. This method allows obtaining patterns and information
out of complex data. Neural networks consist of artificial neurons, which are organized
into layers, one input layer, one output layer, and one or more hidden layers in-between
as visible in Figure 3.25 [189]. The numbers of nodes in the particular layer is given
by the nature of the data being processed whereas the numbers of nodes in the hidden
layers are adapted to the model which should be developed [189]. Using mathematical
terms, relations between the input and output data can be generated to develop a learning
machine which can determine the output data for given input data. In this thesis, the
used mathematics are not presented, however, it is postulated in [190]. For the training of
this system, all calculated data was divided into three sets, 80% training, 10% validation
and 10% cross-validation. Subsequently, new data was tested with focus on the question

whether the system can predict stresses.
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Input layer Layer of Layer of
of source hidden output
nodes neurons neurons

Figure 3.25: Neural Network Schema [189]

In the FHN part, the input data are the geometric data, e.g., the coordinates of the
entrance points of drilling, the entrance angles, the coordinates of the center of mass of
the necrosis, etc. and the output data are the determined stresses at the femoral neck
and the entrance point of the drilling. After calculating the effects of different necrosis
patients, it should be possible to predict the occurring stresses without calculating them.
Even though a statistic method, e.g., linear regression, which provides known equations,
can also be used in this study the neural networks are implemented especially due to their

learning ability.

3.3.5 Planning of the optimal Drilling

With the known geometry of the tool for the removal of the necrotic area and the calculated
stresses, both results can be combined and the optimal drilling to remove as much as
possible of the necrotic area can be planned. For this purpose, a neuronal network is
generated with all data of the FEM analysis and additional standard values of the bone

were arbitrary chosen, e.g. center of femoral head, greater trochanter, etc.

3.3.5.1 Insertion of the Drill Hole in DICOM
The optimal drilling can be exported as an STL file which can be imported in MIMICS®
Using the tool Calculate Mask from Object, MIMICS® calculates a two-dimensional mask
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of a STL model. Using the right sectional view, the drilling can be illustrated in a two-

dimensional view, which is the goal of this study.

3.3.5.2 Brainlab Interface

The company Brainlab is a medical engineering company which develops navigation
systems for surgeries to guarantee a high medical standard and a advanced health care
and, hence, an optimal surgical outcome. This company developed a two-dimensional
navigation application on trauma which enables a two dimensional navigation without

any further preparations as visible in Figure 3.26.

Figure 3.26: 2-Dimensional Trauma Navigation (Brainlab)

Using the therefore special developed surgery equipment, it is possible to navigate to
a point which is manually set with the so-called pointer. The angle and the directions are
shown on a monitor. On one window the anteroposterior view (up right) and on another
the lateral view (down left) are shown. On the down right side the navigation with the
target and the depth are displayed and the angle and the distance can be controlled. In

combination with the calculated drilling, the optimal surgery can be performed to ensure
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the best possible necrotic removal with simultaneous consideration of lowest stresses.

3.3.6 Influence of Bone Substitute

In this section the influence of the bone substitute is investigated using a static compression
test and a CT scan before and after the compression test for comparison.

Static compression tests are performed to validate the model using six pairs of femoral
cadaver bones provided by the Institute of Anatomy of the University of Duisburg-Essen.
The test setup is visible in Figure 3.27. One femur of each pair was treated with the ACD
as described by Landgraeber et al. [145]. The femur were bored with a 9 mm drill to the
subchondral bone of the cranioventral part of the femoral head. With the X-REAM™ the
maximum size of 21 mm were cut out of the bone and the occurred channel was filled
with the bone substitute PRO-DENSE®. The contrary femur remained untreated for
comparison.

The biomechanical testing was performed as described by Tran et al. [183] on a com-
pression machine equipped with a calibrated 10kN load cell in the stance-like load con-
figuration. The compressive force was applied to the femoral head through a metal cup,
which was inclined at 20° to the shaft axis. The distal end of the femur was placed into
a metal fixture to prevent sliding during the test, which was also inclined by 15° in order
to guarantee physiological conditions (knee joint). Furthermore, both the cup and the
fixture were filled with silicone to ensure a smoothly force transmission. The upper metal
cup moved with the velocity of 30 mm/min to the fixed lower fixture until the force of
2000 N is reached. As comparison both bones were investigated using the CT, however,

there were no significant changes of the interface between substitute and bone.

Figure 3.27: Experimental Setup of Compression Test
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In the following section, the results of both studies are presented. First, the results and

discussion of the FAI project are presented, subsequently, the FHN.

4.1 Femoroacetabular Impingement

In this section the results of the FAI are presented. First, the geometric parameters, e.g.,
HJC, HHD etc. Furthermore, the simulation results and, closing, the planing of the bone

removal is presented.

4.1.1 Modeling

The single parts of the hip joint, femur, acetabulum, and the labrum were segmented from
the data obtained from the MRI. Afterwards, the generated facet models were processed
by the resurfacing procedure and the conversion for further steps using both described
software.

The resurfacing procedure is due to the rough surface after the segmentation. This
can be related to the rough slice sickness of the MRI data with 1.5 mm. Thereby, subtle
bone parts might not be visualized on the images, which can cause an inaccurate model.
Additionally, the smoothing procedure can reduce the model quality as well, hence, two
different methods, so-called Poisson and NURBS methods, were compared with each other.
The results show no significant differences regarding the degree of movement, as visible in
Table 4.1, determined by the CAD software. Only the abduction angle varies. However,
the NURBS method removed less material of the bone and the geometry became smoother
and, hence, more natural. Due to this fact, in following studies, the NURBS method has

the advantage that there are fewer surfaces and, hence, a shorter calculation time in the

simulations.
Table 4.1: Comparison Between Both Smoothing Methods
Method Poisson (FreeCAD) NURBS (CATIA)
Flexion 120° 120°
Extension 71° 72°
Abduction 40° 30°
Adduction 39° 38°
External Rotation 79° 81°
Internal Rotation 40° 42°
Biomechanical Modeling and Numerical Simulation of minimal-invasive Treatment of Hip Joint Diseases 7
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Apart from that, the general quality of the images obtained from the MRI scan also
affect the model quality. The difficulty is to identify parts which belong to the bone or to
the soft-tissue, e.g., cartilage, labrum, etc. For that reason, it is impossible to ensure that
the generated hip joint models represent only bony parts or also small areas of soft-tissue.
The scan sequence which is used to generate the MRI is important to visualize different
tissues, e.g., T2w water-excitation dual echo steady state, which visualize the contrast of
cartilage better, however, other parts might pictured worse. A contrast medium might

also help.

Table 4.2: Example of Models after Smoothing Using Different Software

Characteristics ~ Facet Model (STL)  Solid Model (STEP)! Solid Model (STEP)?

Femur Acetabulum Femur Acetabulum Femur Acetabulum

Edges 14,772 24, 387 15,000 37,488 951 1,133
Faces 9,848 16, 258 10,000 24,992 433 514
Size [MB]| 0.48 0.79 24.8 62.5 10.9 11.7

!Model Generation Using FreeCAD (Poisson)
“Model Generation Using CATIA (NURBS)

In Table 4.2 are the differences between both methods listed. The NURBS generated
models have fewer edges and faces and, thus, smaller file sizes. In Figures 4.1 and 4.2
examples of bones smoothed with both methods are presented. On the left is the untreated
bone, in the middle the bone edit with the Poisson method and on the right is the bone
with the NURBS method visible. The NURBS method in the middle retains most of the
bone when compared to the Poisson method. In the neck area more bone material is
retained compared to the bone smoothed with the Poisson method as illustrated on the
right side. The file size of the Poisson is bigger, because a part consists of many surfaces.
The complete surface of the model consists of small triangles, which makes the calculation

time longer when compared to bones processed with the NURBS method.

4.1.2 Geometric Parameter

In the following, the results of the determination of the geometric parameters are presented
and discussed, starting with the HJC. In general, all geometric parameters can be deter-
mined in the 3D model or in the segmentation software (MRI data). Which measurement
method is more suitable will be discussed in section. Since only two patients could be
investigated before and after the surgery, more patients should be investigated in future

to verify the presented results on a larger scale.
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Y9V

Unedited Poisson NURBS

Figure 4.1: Femur Smoothed Using Different Software

b R

Unedited Poisson NURBS

Figure 4.2: Acetabulum Smoothed Using Different Software

4.1.2.1 Hip Joint Center

Several methods are presented in Section 3.2.3.1. After comparing the vector lengths of
the motions capture and MRI analysis both should have approximately the same length,
however, a difference of an average of 14.1 mm was determined (8.76 to 20.57 mm) as
described by Westermaier [171]. These results can be explained due to the errors of the
skin as a result of the motion capture system used in this study. The patient is lying in
both measurements in the dorsal position, hence, it is not possible to exclude that this
position is exactly the same during the MRI scan. Additionally, different markers are used
in the MRI due to the fact that the markers of the motion analysis are not visible in the
MRI. Furthermore, Sangeux et al. [191] showed in their study that an standard deviation
of 15 mm is common using Motion Capture system to determine the HJC. With regard
to the typical hip joint diameter of ca. 45 mmn, this method shows very inaccurate results
and is, thus, not usable in future.

The sphere-fitting method for determination of the HJC creates based on 3000 data
sets a construction study in a CAD software for calculating the nearest distance with the

best solution. A criterion of maximum distance value is set to 1 mm, which yields to a
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reduction of the data sets to around 30. If this criterion is set stricter, the number of
possible data sets would decrease, which would influence the determination method too
much, e.g., if the points placed on the sphere would not be “perfect” a whole data set would
not be considered. The minimal total variance of the remaining data sets is calculated

and the result of one example is visible in Table 4.3.

Table 4.3: Results of the Different Methods for the Determination of the HJC

Method x-Coordinate y-Coordinate z-Coordinate
Circle Method 41.25 28.98 —3.60
Sphere-Fitting Method 41.91 29.53 —3.89

Since both methods do not vary significantly, they can be used to determine the HJC.
The other method, MIMICS® method, works fine if other measurements of the hip joint
are needed, e.g., the femoral head diameter. The simulations performed with both HIJC
showed a maximum difference of 1.2°, which is very good for the investigation of the FAI.
It can be assumed that both methods for determination are not far away from the real
rotation center.

The HJC can be checked using the CAD function Motion Envelope as described in
Section 3.2.3.1. In Figure 4.3 a cut through the femur is visible. The femur (blue) is
compared to the generated envelope using the circle method (yellow) and sphere-fitting
method (grey) and some material of the envelope is visible around the femur. The amount
of material is in both methods nearly the same and this also leads to the assumption that

both methods are feasible to determine the HJC.

Figure 4.3: Motion Envelope to check the HJC using CAD software [171]

Concluded, all presented methods generate a HJC, which is approximately the real
rotation center of the hip joint. However, the circle method has the advantage that it can
be performed in a simple manner and with every CAD software. If a comparison between
pre and post surgery is needed, the MIMICS® method is reasonable due to the fact that
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other parameters must be determined anyway. In the next section the Hip Head Diameter

results are presented.

4.1.2.2 Hip Head Diameter

In this section the results of the determination of the Hip Head Diameter are presented
according to the method described in Section 3.2.3.2. The Hip Head Diameter (HHD)
measurement is performed in different positions and in each position different values were

determined as listed in Tables 4.4 and 4.5 for two patients.

Table 4.4: Femoral Head Diameters Measured from MRI Data and the 3D Model of Patient
1

L. MRI Data 3D Model
Position
PRE POST PRE POST

1-7 o’clock 40.8 40.7 41.9 40.9
2-8 o’clock 40.7 40.4 40.3 40.2
3-9 o’clock 41.1 40.8 41.7 40.9
4-10 o’clock 40.8 40.2 40.0 40.5
5-11 o’clock 40.8 40.9 414 40.5
6-12 o’clock 41.1 41.1 42.0 41.0

. 40.9+0.2 40.7+0.3 41.24+0.8 40.7+0.3

Mean Diameter
40.8 40.9

Table 4.5: Femoral Head Diameters Measured from MRI Data and the 3D Model of Patient
2

. MRI Data 3D Model
Position
PRE POST PRE POST

1-7 o’clock 51.3 51.6 52.0 51.5
2-8 o’clock 52.8 51.4 52.0 51.5
3-9 o’clock 51.6 51.1 51.1 50.8
4-10 o’clock 50.5 50.5 514 49.8
5-11 o’clock 51.6 50.3 51.8 50.6
6-12 o’clock 52.2 51.3 52.0 51.3

. 51.7£0.7 51.0£0.5 51.7£0.3 50.9+£0.6

Mean Diameter
51.4 51.3
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Since this example shows a female patient’s data and the average femoral head lies
around 42.2 mm according to Milner et al. [192], both measurement methods show ade-
quate results comparing the mean diameter, which differ in 0.24. The second patient’s
mean diameter of the femoral head is larger, because the patient is male. The average
femoral head diameter of male lies around 48.4 mm [192]. A small difference can be seen

comparing both methods.

Both patients show a reasonable difference between both measuring methods, howe-
ver still all comparing measurements were performed subjectively which means that the

diameters are not the true values.

4.1.2.3 Femoral Neck Axis

The femoral neck axis (FNA) could be determined by using the method which is
presented in Section 3.2.3.3. The quality of the determined FNA can only be estimated by
the length difference of both perpendicular lines to the surface of the femur. The maximum
difference is around 4.1% and, thus, it is exact enough regarding any investigations in

biomechanical areas.

4.1.2.4 Offset

The offset can also show if a hip joint is affected with an impingement. It describes the
distance where the femoral head loses its sphericity and the highest point of the femoral
head. Additionally, the offset ratio is calculated using the mean diameters measured
through both, MRI and 3D model. However, for Patient 1 the results of both, MRI and
3D model, show that the required 10 mm according to the literature were not reached by
the surgeon and, hence, the surgery could be performed better, visible in Table 4.6 [28|.
After the surgery, there is not a significant change between pre data and post data (MRI)
recognizable, except the 3 o’clock and 4 o’clock position. The results of the 3D model
show similar changes as visible at the 3 o’clock and 4 o’clock position. Nonetheless, the
values are still below the mentioned 10 mm. The offset ratio is also determined as visible
in Table 4.7 for each position, however, the data lacks a significant symptomatic FAI in
contrast to Tannast et al. [28] findings. The value of the offset ratio should be between
0.21 4+ 0.03 for a healthy patient and 0.13 £ 0.05 for a patient with symptomatic FAIL
Summarized, the offset and partial offset ratio values of the Patient 1 show no significant
FATI outcome, which can be related to the poor subjective measurement and segmentation

process.
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Table 4.6: Offset Values [mm] Measured from MRI and 3D Model of Patient 1

Position MRI 3D Model
PRE POST DIF PRE POST DIF
1o’clock —-12 0.6 1.8 —-04 —-06 —-0.3
20’clock 0.4 0.8 05 -08 —-01 0.7
3o’clock 1.2 3.8 26 05 5.8 5.3
4 o’clock 4.2 5.6 1.4 44 8.3 3.9
5o0’clock 7.2 64 —08 74 7.9 0.5
6 o'clock 6.3 6.0 —0.3 56 6.1 0.5
7oclock 7.2 7.2 01 6.7 62 —05
8 o’clock 7.6 6.9 —-0.6 8.0 6.8 —1.2
9o’clock 7.1 6.5 —-06 74 53 =21
10 o’clock 6.2 6.6 0.4 6.7 56 —1.1
11 o’clock 7.5 7.1 —04 76 6.5 —-1.1
12 o’clock 0.7 02 —-04 00 0.0 0.0

Table 4.7: Offset Ratio Values Measured from MRI and 3D Model of Patient 1

Position MRI 3D Model

PRE POST DIF PRE POST DIF
1 o’clock —0.03 0.02 0.05 —=0.01 -=0.02 —0.01
2 o’clock  0.01 0.02 0.01  —=0.02 0.00 0.02
3 o’clock  0.03 0.09 0.06  0.01 0.14 0.13
4 o’clock  0.10 0.14 0.04  0.11 0.20 0.09
5o’clock  0.18 0.16 —0.02 0.18 0.19 0.01
6 o’clock  0.15 0.15 0 0.14 0.15 0.01
7 o’clock  0.18 0.18 0 0.16 0.15 —0.01
8 o’clock  0.19 0.17  —0.02 0.19 0.17  —-0.02
9 o’clock  0.17 0.16 —-0.01 0.18 0.13 —-0.05
10 o’clock  0.15 0.16 0.01 0.16 0.14 —-0.02
11 o’clock  0.18 0.18 0 0.19 0.16 —0.03
12 o’clock  0.02 0.01 —-0.01 0.00 0.00 0
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Table 4.8: Offset Values [mm| Measured from MRI and 3D Model of Patient 2

MRI 3D Model
PRE POST DIF PRE POST DIF

Position

1 o’clock 6.8 7.9 1.1 4.5 6.3 1.8
2 o’clock 4.0 7.7 37 21 6.5 44
3o’clock 34 7.0 3.6 5.0 6.6 1.6
4 o’clock 3.6 6.7 3.1 6.3 7.9 1.6
5o’clock 8.1 7.6 -05 79 7.2 -0.7
6 o’clock 7.4 8.2 0.8 6.9 6.6 —0.3
7o'clock 7.3 7.9 06 638 7.1 0.3
8 o’clock 9.9 87 —-12 92 9.4 0.2
9 o’clock 104 8.4 -2 9.1 84  —0.6
10 o’clock 8.3 9.1 08 77 8.2 0.5
11 o’clock 8.9 84 05 70 10.5 3.5
12 o’clock 8.9 8.2 -07 79 9.4 1.5

Table 4.9: Offset Ratio Measured from MRI and 3D Model of Patient 2
MRI 3D Model
PRE POST DIF PRE POST DIF

Position

1o’clock 0.13 0.15 0.02 0.09 0.12 0.03
2 o’clock  0.08 0.15 0.07 0.04 0.13 0.09
3o'clock 0.07 0.14 0.07 0.10 0.13 0.03
4 o’clock 0.07 0.13 0.06 0.12 0.15 0.03
50’clock 0.16 0.15 —0.01 0.15 0.14 —0.01
6 o’clock 0.14 0.16 0.02 0.13 0.13 0.0
7oclock 0.14 0.15 0.01 0.13 0.14 0.01
8 o’clock 0.19 017 —0.02 0.18 0.18 0.00
9o’clock 020 0.16 —0.04 0.18 016 —0.02
10 o’clock 0.16  0.18 0.02 0.15 0.16 0.01
11 o’clock 0.17 0.16 —0.01 0.14 0.20 0.06
12 o’clock 0.17 0.16 —0.01 0.15 0.18 0.03

In contrast, the other patient, Patient 2, shows different results when compared to
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Patient 1, such that the minimum offset according to the literature is reached. The offset
and the offset ratio increase after the surgical execution along the affected positions of the
femoral head as visible in both Tables 4.8 and 4.9. However, the values are almost all
below the desired 10 mm, and the ratios are between 0.18 and 0.24. Unfortunately, this
tool is inappropriate to assess the surgical outcome, although, at some positions for the
example patient, the values show an improvement.

According to literature values for the offset and offset ratio, the patients, which were
investigated, underwent an unsuccessful surgery, however, they were without any pain [28|.
Therefore, the alpha-angle has to be taken into account to evaluate the surgical outcome

more realistically.

4.1.2.5 Alpha Angle

The most common geometric parameter used for quantifying a cam-type impingement
is the alpha-angle and it is determined using the method described in Section 3.2.3.4. This
method can be also used either at the CAD model or the MRI data. In Figure 4.4 the
method is shown at the CAD model.

12 o’clock
1 o’clock | 11 o’clock
A | /
\ . /
2 o’clock 10 o’clock
‘.
Joclock —._. > e —.— 9Yo’clock
./ : -~
4o'clock” 8 o'clock
7/
b o'clock ‘1 f o'clock

Figure 4.4: Determination of the Alpha Angle using the CAD Model of a right Leg

In Table 4.10 the measured alpha angles of Patient 1 from the MRI data and 3D model,
respectively. This value can be measured using both, MRI and 3D model. However, since
a patient with an average alpha angle of 42° 4+ 2.2° is considered healthy, the patient

in the example of Table 4.10 does even fails these values after the surgery at the head-
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neck junction, because they still exceed the maximum alpha angle value for a significant
cam-type FAT of 60° in the position from 12 to 2 o’clock |40, 193].

Table 4.10: Alpha Angles Measured from the MRI and 3D Model of Patient 1

MRI 3D Model
PRE POST DIF PRE POST DIF

Position

1o’clock 773 7.0 —-13 866 835 —3.06
2 o’clock  76.3 73.1 —-3.2 858 82.4 —3.42
3 o’clock  66.5 514 —15.1 717 443 —27.38
4 o’clock 497 454 —43 499 349 —-15.01
50’clock 389  40.6 1.7 389 366 —2.29
6 o'clock 434 428 —0.6 435 439 0.43
7o'clock 376 372 —04 402 438 3.59
8 o’clock 37.8 385 0.7 349 396 4.72
9o’clock 36.1 414 53 357 436 7.92
10 o’clock 41.1 404 —0.8 41.0 42.7 1.67
11 o’clock 37.6  39.5 1.9 36.8 418 5.04
12 o’clock 784 781 —0.3 80.5 84.3 3.84

In Figure 4.5 two MRI images illustrate the 2-8 o’clock position before (left) and
after (right) surgery. The measurement was performed by the attending physician (yellow
arrow). The red line show the contour of the bump which may cause the impingement,
which should be removed (green arrow). After the surgery, the bump is significantly
smaller but the red arrow still shows an edge which should be removed under optimal
conditions. This edge might have a negative impact for the patient, even though, the
patient was painless after the surgical intervention. The surgeon would read the angle
at the yellow arrows which would lead to a smaller alpha angle. The remaining bump
would be neglected, the interpretation changes and so a different surgical outcome is the
resulting conclusion. In fact, every measurement generates a very subjective result and is
very dependent from the experience of the performing person.

The following Table 4.11 contains the alpha angle measured for Patient 2 from the
MRI data and 3D model. In this example the values vary in both methods. This can be a
consequence of either a poor segmentation process and, thus, a subjective determination of
the parameters or an inaccurate center of femur and, hence, of the femoral neck axis, which
also has a significant influence on the measurements. The MRI data show a maximum

angle at the 4 o’clock position which is not reliable according to Rakhra et al. [194], because
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Figure 4.5: Patient 1’s Alpha Angle Measurements

the highest value is more likely to be measured in the anterosuperior quadrant. However,
both measurement methods do not show the significant angle limit for an abnormality of
50° according to literature [195]. This leads to the conclusion that the surgical outcome
can be evaluated as successful for Patient 2, although, Neumann et al. [196] suggest an

alpha angle value of only 43° after the surgical intervention at the affected positions.

Table 4.11: Alpha Angles Measured from the MRI and 3D Model of Patient 2

MRI 3D Model
PRE POST DIF PRE POST DIF

Position

1o’clock 482 42,8 —54 53.8 489 —4.85
2 o’clock 57.8 46.5 —11.3 62.5 485 —14

3o’clock 59.6 455 —14.0 508 474 —3.47
4 o’clock 60.5 479 —12.6 445 429 —1.56
50’clock 432 432 0.0 41.8 446 2.78

6 o’clock 43.1 404 —2.8 455 46.6 1.11

7o'clock 434 429 —-0.6 456 439 -—1.73
8 o’clock 379 369 —-1.0 403 384 —1.92
9 o’clock 358 394 3.6 402 400 —0.14
10 o’clock 37.8  39.1 1.3 42,1 421  —-0.07
11 o’clock 40.8  43.0 21 409 369 —4.08
12 o’clock  43.0 427 —-0.2 427 402 —2.53

In conclusion, the measurement of the alpha angle is a very subjective procedure to
investigate the FAT and both methods show differences between the values. Hence, only one
method should be used in future and the measurement in the MRI data is more accurate

because the bones are not smoothened. For a quick view of the angle’s magnitude, the
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MRI data is enough, however, the 3D model provides more helpful tools and features, e.g.,
conditions for parallel lines, which enables a more accurate measurement of the offset.
Nonetheless, the most important criterion for a successful determination of all parameters
are high qualitative MRI data, which are necessary for good 3D models.

Comparing both methods, offset /offset ratio and alpha angle to quantify the FAIL, the
alpha angle may be more accurate to assess the severity of the FAIL. The results of the
offset show symptoms for a cam-type impingement even after the surgical intervention,

while the alpha angle indicates no such evidence.

4.1.3 Simulation

In this subsection the results of the simulations before the surgery are presented and
discussed. The simulations of several patients could be examined before the surgery.
Unfortunately, only two patients were available after the surgery. In the future, more
patients should be examined with respect to their surgical outcome.

The outcome of the surgery only can be compared by investigating the range of motion
before and after the surgery. CAD software and FEM software are used to compare the
results with each other. The advantage of the FEM software is that occurring stresses can

be investigated besides the contact.

4.1.3.1 Geometric Software (CAD)

The range of motion is examined pre-surgery using Creo Parametric. For every mo-
vement, the contact of femur and acetabulum are determined and, thus, the angle of
contact is determined. The calculation time for this simulation takes around 25 min. Ge-
nerally, the CAD simulation, visible in Figure 4.6, is suitable to predict an impingement.
For example, the flexion movement of 120° of one patient showed an impingement at the
anterior position with the acetabulum, which is usually not considered to be a typical cam-
type impingement. The red area marks the impingement. For the extension movement, a
collision can be detected at 71° in a posterior position, which is unsuitable for a cam-type
impingement. For every movement, the maximum possible angle can be determined using
CAD software with low effort compared to a FEM software.

The angle, which is reached by the abduction movement is around 40°. This area of
collision is important for FAI. A collision is also detectable for the adduction movement
at 39°, which is irrelevant for FAIL. This contact is also between complete irrelevant parts
of the hip joint (femoral shaft and ischii). At least, the internal and external rotations are
investigated. The internal rotation shows a contact at 40°, which can be relevant for the
FAI, the external rotation shows no relevant contact.

In Table 4.12 all angles are listed and whether they are relevant for FAI.
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Figure 4.6: Example of CAD Simulation of Flexion Movement (right) and Abduction
Movement (right)

Table 4.12: Contact Angle Determined Using CAD Simulation

Movement Angles FAI relevant
Flexion 120° no
Extension 71° no
Abduction 40° yes
Adduction 39° no
Internal Rotation 40° yes
External Rotation 79° no

4.1.3.2 Finite Element Method - Software

The results, produced with the CAD software, are similar to these with the FEM
software. Simulations without the labrum were separated into four load steps with program
controlled substeps and the meshing divided the two bone parts into 15.162 nodes and
74.314 elements. The FAI simulation (90° flexion with 65° internal rotation) takes 23
hours and 195 iterations to converge. The contact and angle are the identical compared
to the CAD software, respectively. Using the contact tool of the FEM software, which is
visible in Figure 4.7, the contact status can be determined for each angle and as visible,
if a contact occurs (left), how large the penetration is (middle) and, additionally, the size

of the gap (right) in case there is no contact.
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Figure 4.7: Example of Simulation Using the Contact Tool of the FEM Software

A bony contact could not be detected. However, the gap between the bones become
very small which leads to the hypothesis that soft tissue might be squeezed between bones.
This might be the origin to generate pain for the patient for which reason the labrum was

implemented into the simulation as illustrated on the right in Figure 4.8.
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Figure 4.8: Example of Simulation Result with Stresses von-Mieses [Pa]
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The contact is analyzed using the first principle stress, status modeling and gap mo-
deling. Including the labrum, the simulation results show a contact between femoral neck
and labrum at angles, which correspond to the pain area of the gait lab. Additionally, the
status modeling show a sliding contact and the gap decreases to zero.

Figure 4.9 shows the results of the impingement test, which can be simulate until 33°
of flexion and 11.5° of internal rotation. At this point, the femur and the labrum collide

with each other.

W v Comarained
N

Mear

Slding

B sticking

Beginning of the Simulation

W Gver Constraned

W

Hear
| stding

W sticking

End of the Simulation

Figure 4.9: Results of Status and Gap Simulation and Occurring Stresses Including the
Labrum

On the visible report in Figure 4.10 the results of the impingement test for each the left
and right hip are illustrated. A complete report of each motion of this patient is visible
in the Appendix 6.1. The red area is the area for the left hip joint, in which the patient
pressed the pain sensor. The right leg can be moved by the attending physician without any
signaled pain. During the investigation of the physician in the gaitlab, the movement could
be performed further, compared to the simulation, which interrupts because a convergence
problems occurs. Most likely, a large deformation of the elements, which are in contact

with each other, is the reason for this.
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Consequently, stresses and the gap between both components, the femur and the ace-

tabulum, are investigated.
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Figure 4.10: Determined Angle of the Motion Capture System [108|

Additionally. the advantage of FEM analysis is that stresses can be determined as
visible in Figure 4.8.

The evaluation of stresses and deformations are not advisable due to the fact that
only the movement and not forces are implemented into these simulations. In the future,
the model can be added by muscle forces, which would improve the whole simulation. In
general, a model including the labrum can be generated, however, smaller slice thickness
of MRI data is appreciated, which would generate more smooth models and, thus, more
natural models of the human hip joint.

The comparison between pre and post surgery was performed without the labrum,
because the MRI data quality was not as good to segmentate the labrum as well. Table 4.13
shows the determined maximum average angle of the motion analysis for both patients,

which were used for the simulation.

Table 4.13: Maximum Average Angle for Each Movement during the Impingement Test
when Pain was Noticed

Movement Patient 1 Patient 2
Flexion (x-axis) 89.3° 87.9°
Adduction (y-axis) 11.0° 11.7°
Internal Rotation (z-axis) 0.0° 22.3°

The following Tables 4.14 and 4.15 show the model quality. As seen, the computational
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time varies due to the number of elements.

Table 4.14: Model Quality of Patient 1

Aspects Patient lpRE Patient lPOST
Femur  Acetabulum > Femur  Acetabulum >
Nodes 32,198 56,191 88,389 31,346 60,637 91,983
Elements 172,315 281,068 453,383 167,647 302,178 469, 825
Mesh Quality 0.19 0.19
Skewness
Computational 13.5 19
Time [h]

The model was imported into ANSYS to simulate the movement with the motion

analysis data. The simulation was configured using the settings listed in Section 3.2.4.

Table 4.15: Model Quality of Patient 2

Aspects Patient 2prg Patient 2ppgr
Femur  Acetabulum > Femur  Acetabulum >
Nodes 34,372 48,677 83,049 45,875 62, 356 108, 231
Elements 182,847 243,456 426,303 251,686 318,614 570,300
Mesh Quality 0.20 0.15
Skewness
Computational 9 19
Time [h]

The simulations of Patient 1 show no contact between both bony elements. The motion
analysis data show no pain, which confirms the results of no contact. In Figure 4.11 the
results are shown in different planes. The left column shows the simulation before, the
right column after the surgical intervention. The first row is the isometric view, the second
row the axial view and the last row shows the frontal view. Most notably, the fact remains
that there is no contact between the bony parts of this hip joint. Generally, a lack of
approximation visible except in the frontal view, where the yellow area is larger than
before the surgery. This might be related to a poor segmentation of the bony parts or bad
MRI data quality. Another possibility is that a vague femoral head center is the reason

for the small narrowing.
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Figure 4.11: Status Modeling of Patient 1 before and after Surgery

Thus, the internal rotation value for Patient 1 is 0°, which might be a sign of a bad
performance of the physician’s investigation in the gait lab or an error of the motion capture
system. Due to the fact that good simulation results require a correct performance of the
motion analysis is needed. The lack of an internal rotation might also be the reason why the
patient felt no pain during the examination. Hence, another simulation was set up using
the same values for the flexion and adduction, supplemented with an internal rotation of

19.3°, which was determined by calculating the average of the maximal achievable angle
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of the single movement.
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Figure 4.12: Status Modeling of Patient 1 Including the Internal Rotation of 19.3°

The new results show a closer approximation of the two bones, however, a contact
is still missing. In Figure 4.12 the narrowing is visible, however, there is no significant
change visible after the surgery, except on the axial view. The impingement area became
smaller there, nevertheless, it should vanish completely.

Hence, this patient exhibits an abnormal bony structure medial at the femur as visible

in Figure 4.13. This atypical shape of the femoral head, indicated by the red arrow, can
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be congenital and, thus, normal or it might be the result of a degeneration and, hence,

can cause a different moving behavior of the hip joint.

Figure 4.13: Bony Deformity of Femoral Head

The evaluation of the surgical outcome can be only performed based on the simulation
including the internal rotation, because there an approximation of both bony parts is
visible and it can be assumed, that the soft tissue between these bones could be squeezed
and would produce pain. After the surgery, the area decreases. Furthermore, the smaller
impingement area supports the results of the alpha angle, which decreased only at the 3
o’clock and 4 o’clock positions.

Additionally, the gap analysis was plotted to determine the distance between both
bones and to check whether it decreased or not. Before implementing the internal rotation,
the pre-surgery gap was 1.1639 mm, the post-surgery 1.4103 mm and they were located
in the medial posteroinferior position of the acetabulum. Visually the area in the frontal
view increases after treatment, however, the gap became larger which corresponds to a
successful surgical outcome. Unfortunately, the segmentation process can be evaluated as
inaccurate due to the fact that the surgery was not performed on the medial femoral head
according to the attending surgeon. Including the internal rotation of 19.3° the gap shows
no difference in the results compared to no internal rotation, as visible in Figures 4.14 and
4.15.

Lequesne et al. noted that the gap on the superolateral side between femur and aceta-
bulum in straight position is on average 4.69 £ 0.95 mm for women and 5.00 £ 1.15 mm for
men [197]. Patient 1 showed distances between both bones of 3.8 mm before and 3.3 mm
after the surgery, which can only be a result of a poor segmentation process and bad MRI
data quality, because another bony deformation cannot appear in such short time. This

also affects the reliability of the simulation results. If the results are correct a narrowing
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from 3.8 mm and 3.3 mm to 0.99659 mm and 1.1478 mm, respectively, at the abnormal
femoral head shape and a movement to the terminal position of the impingement test
including the internal rotation, the patient would feel pain and any damage could not be

excluded.

Figure 4.14: Gap Modeling of Patient 1 before and after the Surgery
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Figure 4.15: Gap Modeling of Patient 1 Including Internal Rotation before and after the
Surgery

The simulations of Patient 2 were performed similar to Patient 1 and the results are
visible in Figure 4.16. The same views are recorded, first the isometric, then the axial
and finally the frontal view. It is visible that in the frontal view of the xz-plane, the only
narrowing area appears between the femur and acetabulum is unrelated to the impinge-
ment. However, after the surgery, this narrowing has vanished. The axial view shows

no impingement of the bones at the marked impingement areas, although, the patient
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describes pain during the examination in the gait lab. Again, this can be related to the
segmentation process or an inaccurate center of femur. The results of the gap modeling are
visible in Figure 4.17. The determined smallest gap before the surgical treatment is 1.3317
mm, however, after the surgery, the gap detection was infeasible because the distance was
too large. This can also be related to the segmentation process since the surgery was not

performed in that area.
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Figure 4.16: Status Modeling of Patient 2 before and after the Surgery
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Figure 4.17: Gap Modeling of Patient 2 before and after the Surgery

Additionally, another reason can affect the results, because the very important neutral
zero position during the MRI scan was not ensured and due to gravity and comfort for
the patient the leg rotates externally, which indicates an incorrect starting position for the
simulation [198]. Hence, the internal rotation results of the simulation might be wrong.
Sutter et al. [199] reported that every human’s femur has an anteversion as visible in
Figure 4.18, which means the femoral bone is externally rotated while being in neutral

zero position with an average of 16.4° for women and 9.75° for men, respectively. Creo
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Parametrics is used to determine the entire external rotation for Patient 2 before and after
the surgery, which are 22.5° and 18.7°. Subsequently, the difference between the calculated

value and the average external rotation of 9.75° was added to the internal rotation of 22.3°

Smaller Amplitude

at Internal Rotation /-.

Normal Amplitude at Smaller Amplitude
Internal/External Rotation at External Rotation

Figure 4.18: Anteversion of the Femur [199]

In Figure 4.19 the new artificial neutral zero position for both before on the left and
after surgery on the right are presented. This is only an approximation to the natural
neutral zero position. Consecutively, the new internal rotation of 35.05° and 31.25° have to
be implemented into the simulations, however, there is still no impingement approximation
of the femur and acetabulum recognizable. In Figures 4.20 and 4.21 the results of the
adjusted simulations are visible. Exclusively, the status modeling and the smallest gap
slightly changed in the frontal view from 1.3317 mm to 1.3142 mm. After surgery no
narrowing occurs. The femoral neck axis and the x-axis were used to determine the external
rotation degree. An inaccuracy of the femoral neck axis determination can also have an
impact on the results and, hence, the approximation of the femur to the acetabulum is
still too small. Furthermore, inaccuracies of the gait lab of about £3° occur on the basis

of technical conditions [171].
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Figure 4.19: Artificial Setup to Neutral Zero Position before and after Surgery
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The distance between femur and acetabulum in the superolateral side was also mea-
sured and the joint space before surgery was 5.4 mm and after 4.9 mm and can be rated
as appropriate since Patient 2 is a male [197]. The values differ form each other which
leads to the assumption, that the segmentation process was not accurate such as it was

for Patient 1.
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Figure 4.20: Status Modeling of Patient 2 Including Anteversion Rotation before and after
Surgery

This and the fact of the low severity of the bony deformity could be a reason for the
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unrecognizable detection of any narrowing. Hence, soft-tissues should be added into these
simulations in the future to determine also the behavior of the labrum and the articular
cartilages. Unfortunately, FEM software was not able to find a significant difference bet-
ween both pre-surgery and post-surgery and, hence, a statement of the surgical outcome
cannot be made. The assessment of the surgery can only be rated using the parameters,

e.g., alpha angle etc. as described in Section 4.1.2.
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Figure 4.21: Gap Modeling of Patient 2 Including Anteversion before and after the Surgery

A bony contact could not be detected when simulating the impingement movement.
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More important are simulations including soft tissue to properly understand the FAI and
the Biomechanics of the hip joint. In the future, the MRI data quality must significantly
increase to guarantee the best possible CAD model and, thus, a correct and most realistic
simulation of the human hip joint. Most likely an improved statement of the performed
surgery can also be given. This study discovered that the neutral zero position in the
MRI is essential to eradicate errors, which cause an unrealistic simulation compared to

the investigation by the physician.

4.1.4 Navigation assisted Planning of the Surgery

The removal of the bony part which causes the impingement can be planned using CAD
simulations as a result of their fast calculation time. For this purpose, the angles which
should be reached have to be implemented into the simulations, e.g., the angles should
match those of the healthy joint. Additionally, a coordinate system including the maximum
reached angle has to be inserted. Using the tool Model — Get Data — Merge/Inheritance
in Creo, the impingement area can be evaluated. Hence, the model of the acetabulum
including the standard coordinate system at the HJC and the new coordinate system of
the femur are positioned and the overlapping volumina (red) is removed as visible in the
Figure 4.22. The reduced femur model without the part, which causes the impingement,
remains. With MIMICS® this area can be manually selected and integrated into the
MRI data. This procedure is necessary to guarantee the best possible removal of bony
deformity. The modified MRI data can be implemented into the navigation software used

during the surgery.

CAD Model Simulated Model Including Contact

Figure 4.22: CAD Simulation for Determination of Bony Parts which must be Removed
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4.2 Femur Head Necrosis

In this section simulations of the second disease, the FHN, are performed to calculate the
optimized drilling with lowest stresses at the femoral neck and the starting point of the

drilling.

4.2.1 Modeling

The MRI data were segmented using MIMICS®. Unfortunately, the standard MRI se-
quence for femoral head necrosis has a 3 mm slice thickness, which generates very rough
surfaces as visible in Figure 4.23. The file size is about two megabytes. Hence, this seg-
mentation is not an automatic process, errors can occur due to wrong interpretation of
single areas in the slices. The experience of the researcher is of particular importance to
state single structures of the human body. Acute parts of the bones may vanish due to
the rough quality of the MRI data, which should be improved in the future.

After the segmentation process, the bone is smoothed using CAD software, which can
cause additional deviation of the real human bone due to the fact that bony material may
be added and/or removed as illustrated in Figure 4.24. This is important to obtain a good
proportion between results and calculation time. After triangulation and editing, the file
size increases to 150 megabyte and the calculation time of one drilling takes approximately

one hour.

Figure 4.23: Manual Segmentation of a Necrotic Bone

The center of mass of the necrosis, which is the end point of the drilling, is calculated
using different CAD software, such as Creo Parametric, SolidWorks and CATTA. These
three softwares are compared with each other. The determined values are nearly identical
as gathered in Table 4.16.
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Figure 4.24: Example of the Smoothing Process

Table 4.16: Calculated Center of Mass of the Necrosis

Center of Mass Creo Parametric SolidWorks CATIA

x-Coordinate [mm)] -92.42 -92.43 -92.43
y-Coordinate [mm)] -16.78 -16.78 -16.79
z-Coordinate[mm)| -4.28 -4.29 -4.29

4.2.2 Finite Element Method

The three-dimensional computer aided design models were generated from MRI and CT
data as described in Section 3.3. The main reason for failure is the fracture of the bone
after surgery, which mainly occurs at the femoral neck or at the drilling entrance point,
because these areas affect the stability [183]. Thus, these regions were investigated with
a principal stress component. The maximum value in these regions was determined and
the ratio between those and the tensile strength of cortical bone was calculated [183].
Finite element simulations were performed for two conditions: regular walking and walking

downstairs, such as described in the study of Tran et al. [183] with the load case as visible
in Table 4.17.

Table 4.17: Hip Joint Forces |[N] During Normal Walking [183]

Load Case Fy F, F. |F|

Normal Walking —411.24  —247.1 2078.14 2132.8

Walking Downstairs —411.29 —227.98 2212.37 2261.8

The material properties used are comparable to Tran et al. [183] A comparison between
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both, a model exclusively of the cortical bone and a model of cancellous and cortical bone,
is performed to determine the difference. For this purpose, the bony model is separated
into these parts using CATIA. Supposedly, the cortical layer is 3 mm and, hence, this layer
is subtracted from the upper bone layer, as visible in Figure 4.25. This procedure is only
an approximation, but a manual segmentation process of both, cortical and cancellous

bone is impossible and very time-consuming due to the MRI quality.

Figure 4.25: Separation of Cortical and Cancellous Bone

In Figure 4.26 the determined stresses of both, the model consisting of cortical and the
model with both cortical and cancellous material properties, are visible; calculated for two
Patients with 20 drilling each. As seen, the progress is similar, only the amount differs.
In future studies, skipping such seperation significantly reduces the time-consumption of
the process. More important is to identify the area with the lowest occurring stress and,

for this purpose, a complete cortical bone suffices.
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Figure 4.26: Examples for Stress Differences due to Material Properties

Generally, the results were similar compared to the results of Tran et al. [183], however,
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it is also visible that the results depend on the geometry of the bone and the exact position
of the necrosis. [183] A lot of different necrotic areas were generated and moved into
arbitrary positions. Comparing simulation results of a model with and without cancellous
bone, shows that the results only vary in the factor visible in Figure 4.26. However, to
reduce time complexity, it is assumed that the bone entirely consists of cortical bone. The
calculation time for each drilling takes around 50 min. In a second step, the simulations are
parameter-controlled to define many different variations to calculate all occurring stresses
more quickly. For this purpose, an area of interest is set to determine the entrance points

for the drilling as visible in Figure 4.27.

Figure 4.27: Area of Interest for drilling entrance points

In Figure 4.28 the optimal drilling regarding minimal stresses is illustrated. An opti-
mization of this method is possible using the Tool Response Surface in ANSYS DesignX-
plorer. The results show the more the drilling diverges to the distal end of the femur, the
higher are the occurring stresses and, hence, worse for the patient (negative z-axis). The
optimization method is Screening and generates 1000 Examples and discovers 3 optimal
candidates by a direct sampling method using a pseudo-random number. In Table 4.18
the determined quotients of calculated principle stress and maximum tensile strength for

cortical bone are visible.
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Figure 4.28: Example for an Optimal Drilling and the Occurring Stresses

Table 4.18: Example for Calculated Stresses Quotient During Normal Walking and Do-
wnstairs Walking

Normal Walking Walking Downstairs

Untreated 0.66 0.81
(0,-10) 0.67 0.83
(0, 0) 0.67 0.82
(0, 10) 0.67 0.83
(0, 20) 0.68 0.84
(0, 30) 0.68 0.83
(5, -10) 0.67 0.82
(5, 0) 0.67 0.83
(5, 10) 0.68 0.83
(5, 20) 0.68 0.83
(5, 30) 0.69 0.85

4.2.3 Neural Network

As of today, over 190 different necrosis-simulations were performed. All FEM results are
included into the neural network to predict the stresses when the center of necrosis is
given. A system is developed, which can predict the stress when the center of the necrotic

lesion is given. For this purpose, H20 deep learning models are used, which promise fast,
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scalable, open-source machine learning and deep learning [190|. This machine is a multi-
layer neural network with backpropagation and contains many different machine learning
algorithms, such as generalized linear modeling, principal components analysis, k-means
clustering, etc. [190]. The complete data was split into two different sets, the training set
and testing set, and was input into the library. The results are given in Figure 4.29. As
it can be seen, the relative error of the predicted stresses for the new data (red points) at

the entrance point is under 1% and at the femoral neck under 2%, which is very accurate.

Dataset
é test
= + taain
-] .
= b
o /
Target
Dataset
o best
L] train
]
=
o
P
Target

Figure 4.29: Neural Network Results for Entrance Point Drilling and Femoral Neck

In the future, with the known geometry of the surgery tool which is used to remove
the necrotic material, a software could be developed which shows the optimal drilling

with regard to the best possible removal of the necrotic material. In combination with

110 Biomechanical Modeling and Numerical Simulation of minimal-invasive Treatment of Hip Joint Diseases

216.73.216.36, am 21.01.2026, 03:28:22.
m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186295170

4.2 Femur Head Necrosis

FEM simulations, the lowest stress can be integrated into the software and the system can

calculate the optimal drilling with respect to lowest stress and maximum removal.

As visible in Figure 4.29, the results show a linear regression and both, the stresses
at the entrance point of the drilling and at the femoral neck, are predictable for this
bone. A further step is to include more bones and to check, whether these results can be
generalized.

Another developed software can calculate the optimal drilling with respect to the best
possible removal of the necrotic area as seen in Figure 4.30. The geometry of the surgery

equipment is implemented and the software verifies the conformity of both volumina to

ensure a proper removal. The last step is a combination of both systems.

Computed volume

- inmmA*3

Figure 4.30: Software Calculates the Most Possible Removal of Necrotic Area

In a last step, the calculated optimal drilling can be transferred into X-ray data. The
model including the drilling channel is exported as STL file to MIMICS® into the MRI
data set of the patient, as illustrated in Figure 4.31. Subsequently, the results of the

simulation are implemented into Creo Parametric.

Thus, the used standard during the surgery is the anteroposterior (AP) and Lauestein
view, to perform the surgery, the drilling core should also be inserted into these views. In
Figure 4.32 the difference between the mechanical optimal drilling and a medical optimal
drilling is shown. In the AP view, the simulated drilling channel, illustrated in blue, differs
with 11° proximal compared with the performed one. The deviation in the Lauenstein view

is around 4° in ventral direction.
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Figure 4.31: Model Including Drilling is Imported to MIMICS®

Some limitations still occur in this transfer, e.g., the right layer in which the X-ray
image is taken, cannot be determined and, thus, the positioning of the simulated drilling
into the X-ray images is only approximated. It is nearly impossible to get a complete
accurate congruence. The presented example shows an optimal drilling for this patient
under mechanical conditions, not under medical conditions illustrated in a blue color.
Hence, the muscle gluteus medius starts at the greater trochanter, the drilling cannot be
performed as the simulation result shows.

In comparison with the results of the compression test, the use of FEM is reasonable
to predict occurring stresses in a human hip joint by a drilling into the femoral head while
loading with the force, which acts during normal walking or downstairs walking. However,

to ensure more accurate models of the femur an improved quality of MRI data is required.

AP View Lauenstein View ‘

Figure 4.32: Transfer of the Optimal Drilling to X-Ray Data Including Performed Surgery
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5 Conclusions and Outlook

Finally, in this section the conclusions of this thesis are presented and the remaining
challenges for future work will be introduced. The most popular treatment for hip diseases
is the hip arthroscopy, which enables small access to the joint and, thus, a minimal damage
of the surrounding tissue. A arthroscopic treatment of FAI and FHN is not the standard
procedure, however, it would have advantages.

The bony abnormality of the cam-type impingement as well as the removal of the
necrotic area due to a femoral head necrosis can be treated using this minimal invasive
approach. In this dissertation the modeling of the hip joint including the bony deformity
or the necrotic lesion and the simulation of the movement or the stability were performed.
As a consequence, an improved understanding of the biomechanical background of these

diseases could be generated.

5.1 Femoroacetabular Impingement

The generated FAI model should help to propose each patient an individual concept of
their disease and, thus, a better surgical treatment. Additionally, another objective of
this thesis was to evaluate the performed surgical treatment by using pre-surgery and
post-surgery patient data and the corresponding motion analysis data.

Initially, various software is used to generate a patient specific 3D model based on MRI
data. A manual segmentation process is very time-consuming and, besides, inaccurate mo-
dels are a consequence when compared to models based on MRI data. Model consistency
is lost due to smoothing algorithms, which are necessary to get appropriate models (cf.
Section 4.1.1).

Both, pre-surgical and post-surgical data of two patients were obtained from the scan-
ning process to develop suitable patient specific 3D models. It was noted that one issue is
the slice thickness of 1.5 mm of the MRI data, which leads to rough surfaces and unfortu-
nately to inaccurate 3D models, hence, not all joint parts could be segmented and subtle
details, such as the labrum, were not identified for every patient. In future work, it is im-
portant to decrease the slice thickness to approx. 1.0 mm or less to get more appropriate
models and, thus, better simulations results. Joint parts, such as the cartilage and labrum
could be segmented more easily. Another issue can be introduced by contrast agents,
which might also lead to better joint models. Nevertheless, the generated models were
rated to be of sufficient quality for the desired task by visual appearance of radiologists.

For evaluation of the severity of cam-type FAI, the offsets and alpha angles were me-
asured on both MRI and 3D models for two patients. The comparison of both methods

show significant differences by the subjective measuring execution and a poor segmenta-
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tion quality due to bad MRI quality. Nevertheless, the measurements on the 3D model
were easier to process due to the helpful measurement tools in the used software and,
hence, in future studies it is sufficient to only rely on this method to reduce the required
time.

Many parameters could be determined using the MRI data and the 3D models, e.g.,
the hip joint center, femoral neck axis etc. (cf. Section 4.1.2). Control methods, e.g., a
motion envelope tool to show the reliability of the hip joint center, prove a good quality of
the determination method. During the determination of the offset and alpha angle values
of the pre-and post-surgery patients, the alpha angle established as the more reliable
parameter to assess the FAL. The offset shows no significant indication in the evaluated
cases, but in the future, more cases have to be analyzed to perform a patient study. The
alpha angle for Patient 2 decreases after the surgery which can be evaluated as a positive
surgical outcome whereas the values of Patient 1 hardly changed. This can be explained
by a sub-optimal surgical outcome, however, the patient remained free of pain during the
investigation after the surgical intervention.

CAD simulations show an easier handling and shorter calculation times compared
with FEM simulations, however, occurring stresses can only be calculated using FEM (cf.
Section 4.1.3). Consequently, determination of maximal angles and collision positions can
be performed using CAD software.

Simulations of all patients show no bony contact between femoral neck and acetabulur
rim, which leads to the hypothesis that soft-tissue is the reason for pain and limitation
of movement. Subsequently, the labrum was implemented into one example, in which the
MRI data quality was good enough to segment this part. The results of this simulation
show a contact which corresponds to the angle area, in which the patient had pain during
the investigation. Hence, the FAI mechanism is a squeezing of the soft-tissue due to the
bony deformation, which generates pain and limitation of movement for the patient (cf.
Section 4.1.3.2).

Afterwards, the modeling and simulation were performed. With the determined angles
of the motion analysis, the simulations could be controlled. Unfortunately, there were
essential differences in the results for the determined angles for the patients which are
compared before and after the surgery. Patient 1 shows no internal rotation which can
be related to a measuring error in the gait lab, a calibration error of the equipment,
or a performance mistake during the investigation. This caused a non-narrowing of the
bony parts, acetabulum and femur. However, since pain could not be detected during the
physical investigation, the results of the simulation can be rated as good and realistic. The
surgical outcome cannot be evaluated. With an adjusted simulation including the internal

rotation, a narrowing of femur and acetabulum could be detected and the impingement
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area decreased after the surgical intervention, but did not entirely disappear. From this
standpoint, the minor changes of the alpha angle are supported. Bearing in mind the
determined parameters and the simulation results, the surgical outcome can be rated as
good for Patient 1.

In the simulation of Patient 2, no approximation of femur and acetabulum can be
detected, although the pain sensor was triggered during the investigation and, especially,
during the impingement test. For both patients, the neutral zero position during the MRI
investigation was not considered and, thus, the internal rotation may also be too brief as
well as in the case of Patient 1. To eliminate this error, a larger degree of the internal
rotation was applied by considering the anteversion of the femur and, hence, to assume
the neutral zero position at the beginning of the simulation. Even during this adjusted
simulation no bony impingement could be determined. A reason for that could be the
large joint space width of this patient or, additionally, a low severity of the cam deformity.
Unfortunately, the simulation could not evaluate the surgical outcome, but with the results
of the determined parameter, the alpha angle, a positive surgery could be noted.

Furthermore, all performed simulations of FAI in this dissertation never showed an
entirely bony contact during the cam-type impingements, which leads to the hypothesis
that a cam-type FAI is caused by a squeezed soft tissue because of the bony deformity.

Concluded, several issues affect the results of this study, such as the performance of
the MRI scan, the segmentation process of the hip joint parts, and the measurement of
the angles in the gait lab. More reliable results of the simulation could be generated by
eliminating these errors. The results of this study can be used to determine the exact
removal of the deformity, such that the labrum is not squeezed anymore.

Prospectively, all simulations regarding FAT should be performed including soft tissue,
especially the labrum, which is a main component in the Biomechanics of the FAI. Ad-
ditionally, MRI data quality and neutral zero position are essential to generate the real
movement of the investigated movements in the gait lab. Probably, a new standard to
evaluate the FAI should be postulated to enhance the alpha angle, which measurements
are currently very subjectively and inaccurate.

Even more, a patient study and automatism of the whole procedure would be helpful

to implement a new standard in the treatment of FAT.

5.2 Femur Head Necrosis

As of today, the disease of femur head necrosis is not entirely cleared up. The generated
FHN model should help to develop a new approach to treat this disease. Thereby, the
best possible surgical outcome with view on mechanical properties should be obtained due

to the drilling. Furthermore, the most possible necrotic removal should be performed to

Biomechanical Modeling and Numerical Simulation of minimal-invasive Treatment of Hip Joint Diseases 115

216.73.216.36, am 21.01.2026, 03:28:22. Inhalt.
tersagt, m mit, flir oder in Ki-Syster



https://doi.org/10.51202/9783186295170

5 Conclusions and Outlook

guarantee a healing for the patient without a THR. The ACD is a proper method of this

treatment due to the minimal invasive approach.

Initially, MRI and CT data are manually segmented and 3D models are generated to
perform FEM simulations including the drilling channels (cf. Section 4.2.1). Unfortu-
nately, the medical standard MRI sequence for femur head necrosis contains 3 mm slice
thickness, which result in very rough STL models. Irregularities and error may occur, why
post-processing is mandatory. In future studies, the aim should be to decrease the slice
thickness and to get more appropriate models to ensure less post-processing and more
exact 3D models and, thus, more reliable simulation results. The calculated stresses and
positions of these may slightly change. Using CT data, the segmentation process can be
preformed more easily due to threshold tools, which use additional information, e.g., den-
sity to exclude the needed tissues from each other. Unfortunately, the radiation of CT is

harmful and, hence, the MRI should be used in the future.

In the following, the center of mass of the necrotic area is determined using CAD
software, which is equal to the endpoint of the drilling (cf. Section 4.2.1). The center
was determined by multiple CAD softwares and showed very similar results. With this
calculated center of mass of the necrotic area, the untreated and the treated models,
including the drilling channels with changing entrance points, were generated. For this
purpose, a coordinate system was placed at the greater trochanter, which controls the
variations of the entrance points. Several models could be generated to perform the
simulations. In a further step, the generation of the drilling channels was automatically
controlled by a parameter-controlled function of ANSYS. This method has the advantage
that the calculation-time is minimized due to the fact that instead of generating each

drilling model, only the values are calculated.

In the FEM simulations, the bones were loaded in two different conditions: the normal
walking and the downstairs walking (cf. Section 4.2.2). The determination of the stresses
was focused on the femoral neck and the entrance point of the drilling, because the failure
mechanism most often occur in these positions. The ratio of the calculated stresses and the
tensile strength to assume the failure risk. The lowest value represent the best drilling un-
der mechanical conditions, which often is in the area of the greater trochanter and, hence,
at the starting point of the muscle gluteus medius, which is under medical conditions not
the optimal entrance point, because the muscle is devitalized. Subsequently, the optimal
drilling point is the area directly under the greater trochanter, such as confirmed by Tran
et al. [183]. The determined drilling can be transformed into the AP and Lauenstein views
of X-rays using the segmentation software. More than 190 simulations were performed
with varying center of mass, size and form of the necrosis. Moreover, with the use of

the parameter-controlled simulations, it is possible to speed-up the complete simulation
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process and generate more data and, hence, develop a suitable system for predicting the
occurring stresses due to drilling in the femur.

Furthermore, the results of these simulations were implemented into a for this purpose
generated neural network, which is able to predict occurring stresses without calculating
them (cf. Section 4.2.3). It shows a proper correlation of the predicted stresses with
new necrosis. Additionally, a software was created to determine the optimal drilling angle
regarding the best possible removal. In the future, a combination of both systems and
a generalization of this procedure is necessary to implement this method as a standard
treatment for femoral head necrosis and to optimize the success rate for patients. In this

case, a patient study is also necessary to validate the results.
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6 Appendix

In this section the Motion Capture data is presented used to control the simulation.

6.1 MoCap Data
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Figure 6.1: Example of Report Generated From the MoCap Analysis: Impingementtest
and Flexion
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Figure 6.2: Example of Report Generated From the MoCap Analysis: Internal- and Ex-
ternal Rotation
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Figure 6.3: Example of Report Generated From the MoCap Analysis: Abduction and
Adduction
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Figure 6.4: Example of Report Generated From the MoCap Analysis: Complete Movement
(left)
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Figure 6.5: Example of Report Generated From the MoCap Analysis: Complete Movement
(right)

6.2 Neural Network

In this section the code of the neural network is listed.

h2o_deeplearning <- function(m2, layer, epochs, y = "B2", nfolds = 0){

model <- h2o.deeplearning(x = 2:m28$cols, y = 1,
hidden = layer,
activation = "Rectifier",

epochs = epochs,
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6.2 Neural Network

nfolds = nfolds,

11=1e-05,

training_frame = as.h2o0(m2$train),
validation_frame = as.h2o0(m2$test)
)

file <- h2o.savelodel(model, path=getwd())
#predict test set
m2.pred_test <- as.matrix(h2o.predict(model, as.h2o0(m2$test)))

m2.pred_train <- as.matrix(h2o.predict(model, as.h2o0(m2$train)))

#plot

linel <- geom_abline(intercept = 0, slope = 1)

m2.plot_data_train <- data.frame(m2$test[y], m2.pred_test, "test')
colnames (m2.plot_data_train) <- c("target","pred"”, "dataset')

m2.plot_data_test <- data.frame(m2$train[y],m2.pred_train, "train")

colnames (m2.plot_data_test) <- c("target","pred", "dataset")

rmse_train = RMSE(m2$train[y], m2.pred_train)
rmse_test = RMSE(m2$test[y], m2.pred_test)

m2.plot_data <- rbind(m2.plot_data_train, m2.plot_data_test)
plot <- ggplot(m2.plot_data, aes(x=target, y=pred, color=dataset)) +

geom_point () + linel +

ggtitle(paste("rmse_test=", rmse_test, " rmse_train=", rmse_train))
ans <- list("model” = model,

"rmse_train" = rmse_train,

"rmse_test" = rmse_test,

"file" = file,

"plot"” = plot)
}

h2o_predict_plot <- function(model, m2, y){
#predict test set
pred <- h2o.predict(model, as.h2o(m2$data))
m2.pred_data <- as.matrix(h2o.predict(model, as.h2o(m2$data)))

#plot

linel <- geom_abline(intercept = 0, slope = 1)

m2.plot_data<- data.frame(mn2$dataly], m2.pred_data, "data"

colnames (m2.plot_data) <- c¢("target","pred”, "dataset')

rmse_data = RMSE(m2$dataly]l, m2.pred_data)

plot <- ggplot(m2.plot_data, aes(x=target, y=pred, color=dataset)) +

geom_point () + linel + ggtitle(paste("rmse=", rmse_data))
ans <- list( "rmse_data'" = rmse_data,
"pred" = pred,
"plot" = plot)

h2o_predict_train_plot <- function(model, mi, m2, y){
#predict test set
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pred <- h2o.predict(model, as.h2o(m2$data))
m2.pred_data <- as.matrix(h2o.predict(model, as.h2o0(m2$data)))

#predict train set
pred <- h2o.predict(model, as.h2o(mi$data))
ml.pred_data <- as.matrix(h2o.predict(model, as.h2o(mi$data)))

#plot

linel <- geom_abline(intercept = 0, slope = 1)

m.plot_data_train<- data.frame(mi$dataly], ml.pred_data, ain"

colnames (m.plot_data_train) <- c('target”,"pred”, "dataset')

m.plot_data_test<- data.frame(m2$dataly]l, m2.pred_data, "test")

colnames (m.plot_data_test) <- c('target”,"pred”, "dataset")

m.plot_data <- rbind(m.plot_data_train, m.plot_data_test)
rmse_data = RMSE(m2$dataly], m2.pred_data)

plot <- ggplot(m.plot_data, aes(x=target, y=pred, color=dataset)) +

geom_point () + linel + ggtitle(paste( , rmse_data))

ans <- list( "rmse_data" = rmse_data,
"pred" = pred,
"plot" = plot)

RMSE = function(m, o0){
sqrt (mean((m - 0)"2))

Listing 1: R-Code: h20 run.R

library(caret)
SplitData <- function(dataset, random = TRUE, s1 = 0, s2 = 0){

#create normalize data

#train consists 70/ data

#valid consists 30/ data, splits into test 15/ and cross 15/
data <- dataset

cols <- ncol(data)

if (random)

data <- datalsample(l:nrow(alldata)), ]

s <- scale(data)

if (st == 0 || s2 == 0){

sl <- attr(s, ’scaled:scale’)
s2 <- attr(s, ’scaled:center’)
}

data_s <- data
for (i in 1l:nrow(data))
{
data_s[i,] <- (datal[i,] - s2) / si

#test
indexTrain <- createDataPartition(y=datal,1], p=0.8, list=FALSE)

train <- data[indexTrain,]
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49
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6.2 Neural Network

valid <- data[-indexTrain,]

train_s <- data_s[indexTrain,]

valid_s <- data_s[-indexTrain,]

indexValid <- createDataPartition(y=valid[,1], p=0.5, list=FALSE)
test <- valid[indexValid,]

cross <- valid[-indexValid,]

test_s <- valid_s[indexValid,]

cross_s <- valid_s[-indexValid,]

ans <- list("data" = data,
"train" = trainmn,
"test" = test,
"cross" = cross,

"cols" = cols,

"si" o= s1,

"s2" = 52,

"data_s" = data_s,
"train_s" = train_s,
"test_s" = test_s,
"cross_s" = cross_s,
"valid = valid_s,

"valid" = valid)

return(ans)

Listing 2: R-Code: SplitData.R

source ("SplitData.R")

source("h20_run.R")

# import data set.seed(703)

alldata <- read.table("dataG_train.tsv", sep="\t")

# label names to the columns in the tsv (tab sparated values )file

colnames (alldata) <- c("Sample",
"Dz","Alpha","Beta","HL","B1","Rad", "Ex",

"Volume","Ky","Kz","H2","B2")

target = "B2"

# parameters to use in the NN model

m2 <- SplitData(alldatal[, c(target, "Sx","sSy","sz",
"Beta", "Ex", "Ey", "Ez", "Volume")]) #this is for B2

, "Dy", "Dz", "Alpha",

library(h2o)

hidden <- ¢(200,200,100)

set.seed (467382)

for (i in 1:10){
#random number of hidden layers nodes
hl <- sample(20:200, 1)
h2 <- sample(20:200, 1)
h3 <- sample(20:100, 1)
hidden <- c(hil, h2, h3)
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6 Appendix

#500 is the epochs number, means the number of iteration, lower faster

model <- h2o0_deeplearning(m2, hidden, 500, y = target)

output <- paste(target, ",", toString(hidden), ".", model$rmse_test, "
model$rmse_train, " ", model$file)

print (output)

png(filen

dev.off ()

ame = paste(model$file,”.png”), width = 1200, height =
print (model$plot + x1im(0,0.8) + y1lim(0,0.8))

write(output, file = "log.txt", append = TRUE)

source("Spl

source("h2o

Listing 3: R-Code: FindBestModel.R

itData.R")

_run.R")

setwd("C:/Nekrose_Deep_Learning")

set.seed (70

column <- ¢

3)

("Sample","Sx","Sy","Sz","

"Beta","H1","B1","Rad", "Ex", "Ey"
#With volume

alldata <-
colnames (al
#make sure
#which is
mB <- Split

"Alpha",

read.table("data7 _new.tsv"
ldata) <- column

parameters are the same as

800)

"Ez", "Volume","Ky","Kz","H2","B2")

, sep="\t")

the models,

on line 12-13 in FindBestModel.R

Data(alldatal, c("B2", "Sx
"Beta", "Ex", "Ey", "Ez",

#With volume

alldata2 <-
colnames (al
mB_train <-

"Alpha",

library (h2o

path = past

read.table("data6_train.t
ldata2) <- column

"Sy","Sz","Dx", "D

"Dz,

"Volume")], random = FALSE)

sv", sep="\t")

SplitData(alldata2[, c("B2", "Sx","Sy","sz","Dx",
"Volume")], random = FALSE)

"Beta", "Ex", "Ey", "Ez",

)

e(getwd() , "/"

"DeepLearning_model_R_1484828216151_7", sep = "")

print (path)

modelB <- h2o0.loadModel(path)
resB <- h2o_predict_train_plot(modelB, mB_train, mB, "B2")

h2o0.exportFile (resB$pred, "resB.csv",

print (resB$§

library (h2o

plot)

force=TRUE)

"Dy",

Listing 4: R-Code: main _h20.R

)

h20.init(nthreads=7)

# testmodel

Listing 5: R-Code: main_start h2o0.R

set.seed (703)

alldata <-

colnames (alldata) <- c("Sample",’

read.table("data4. tsv"

"pzn,

,"By","Bz","Dx",

u

<","By","Bz","Dx","Dy","Dz","Alpha",
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6.2 Neural Network

"Dz","Alpha","Beta","H1","B1","Rad"
m2 <- SplitData(alldatal[, c("B2", "Sx","Sy",
"Alpha", "Beta", "Rad")]l)

# load model

"MKz WH2M

"Sz","Dx", "Dy

model <- h2o.loadModel("D:\\Projects\\NekrosellN\\

uuDeeplLearning_model _R_1471440561092_132")

m2.pred_test <- as.matrix(h2o.predict(model,
m2.pred_train <- as.matrix(h2o.predict(model

m2.pred_cross <- as.matrix(h2o.predict(model

ngan)

as.h2o0(m28$test)))
, as.h20(m2$train)))
, as.h20(m2$cross)))

# parameters used in the test, train and cross

m2.plot_data_train <- data.frame(m2$test["B2"],
colnames (m2.plot_data_train) <- c("target","pred",
m2.plot_data_test <- data.frame(m2$train["B2"],m2.pred_train,
colnames (m2.plot_data_test) <- c("target","pred”,
m2.plot_data_cross <- data.frame(m2$cross["B2"],m2.pred_cross,

colnames(m2.plot_data_cross) <- c("target","pred”,

rmse_train = RMSE(m2$train["B2"], m2.pred_train)
rmse_test = RMSE(m2$test["B2"], m2.pred_test)

rmse_cross = RMSE(m2$cross["B2"], m2.pred_cross)
# plot
linel <- geom_abline(intercept = 0, slope = 1)

m2.plot_data <- rbind(m2.plot_data_train,
m2.plot_data_test, m2.plot_data_cross)

plot <- ggplot(m2.plot_data, aes(x=target, y
geom_point () + linel + ggtitle(paste("rmse

"Lyurmse_train , rmse_train, " rmse_cross=
print (plot)
png(filename = paste("cross_validation_test2

print (plot + x1im(0,0.5) + ylim(0,0.5))
dev.off ()

Listing 6: R-Code:

=pred,

, Imse_cross)

.png"), width

)

m2.pred_test,

"dataset")

"dataset")

"dataset")

_test=", rmse_test,

1200,

main_testmodel.R

"test")

"train")

"cross")

color=dataset)) +

height

800)
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