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einen fachlichen Diskurs jederzeit zur Verfügung standen und wesentlich dazu beitrugen,
dass der Spaß während der Arbeit nicht zu kurz kam.

Die vorliegende Dissertation hätte nicht gelingen können, ohne die starke seelische Un-
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Zusammenfassung

Die totale Kniearthroplastik ist ein erfolgreiches operatives Behandlungsverfahren bei Pa-
tienten mit schwerer Kniegelenksarthrose. Dabei stellt die Wiederherstellung der Weich-
teilfunktion eine große Herausforderung dar. Abhängig von der Positionierung der Prothe-
se, dem Implantationsverfahren und der Pathologie des Patienten ist eine Anpassung der
Weichteilstrukturen erforderlich, um die Funktion des Kniegelenkes wieder herzustellen.
Die Beurteilung und Anpassung des Weichteilmantels, das sogenannte Weichteilbalancing,
stellt dabei einen subjektiven Prozess dar, der stark vom Operateur abhängig ist.

Die vorliegende Dissertation adressiert diese Herausforderungen und beschreibt basierend
auf einer Meta-Analyse zur Nachgiebigkeit des natürlichen Kniegelenks quantitative Leit-
linien für das Weichteilmanagement. Ein weiteres Ziel war zudem im Rahmen von in-vitro
Untersuchungen zu klären, inwieweit das Lösen und Entfernen einzelner Weichteilstruk-
turen die Gelenknachgiebigkeit verändert und in welchem Maße ein Knie durch gezielte
Resektion von Weichteilstrukturen balanciert werden kann. Darüber hinaus bilden in-silico
Untersuchungen im Rahmen dieser Arbeit die Grundlage für ein numerisches Werkzeug,
um die Funktion der Bänder besser zu verstehen und das Weichteilbalancing in Zukunft
präoperativ besser planen zu können.

Die Untersuchungen der natürlichen Nachgiebigkeit des Kniegelenkes in verschiedenen
Beugestellungen und Belastungsrichtungen im Rahmen einer Meta-Analyse zeigen eine
starke Abhängigkeit der Gelenksnachgiebigkeit vom Beugewinkel. Desweiteren verdeutli-
chen die Ergebnisse eine starke Asymmetrie der Gelenknachgiebigkeiten beim Vergleich der
Gelenktranslationen und-rotation in entgegengesetzten Richtungen innerhalb eines Frei-
heitsgrades. Die erhobenen Daten bieten dem Operateur quantitative Zielparameter für
ein natürliches Weichteilbalancing in der Kniegelenksarthroplastik.

Die in-vitro Untersuchungen an 19 humanen Kniepräparaten zeigen, dass die Wiederher-
stellung der Weichteilfunktion des Knies nach einer Arthroplastik mit Hilfe des kinemati-
schen Alignments alleine nicht erreicht werden kann. Die Verwendung einer Prothese die
beide Kreuzbänder erhält, ist die einzige Möglichkeit die anteroposteriore Stabilität im
Gleichgewicht zu halten. Um Varusdeformitäten zu korrigieren, erscheint die Balancierung
des medialen Außenbandes als eine sichere Methode. Die Korrektur der Valgus Nachgiebig-
keit kann durch Lösen des lateralen Außenbandes erreicht werden, was jedoch das Risiko
einer Instabilität in Gelenkbeugung erhöht.

Im Rahmen dieser Arbeit konnten subjektspezifische Mehrkörpersimulationsmodelle ent-
wickelt werden, mit denen die Nachgiebigkeiten des Kniegelenks, insbesondere im Bereich
niedriger Beugungswinkel, gut reproduziert werden können. Das vorgestellte Verfahren zur
Approximation der Bandansatzpunkte stellt eine zeitsparende Alternative zur Segmentie-
rung der Ansätze aus MRT-Daten dar.

Schlagwörter:: Knie, Totalendoprothetik, Gonarthrose, Weichteilbalancing, Weichteil-
mantel, Mehrkörpersimulation, Bandansatz Approximation
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Abstract

Total knee arthroplasty is a successful surgical treatment for patients with severe knee
joint arthrosis. However, restoring soft-tissue function is a major challenge. Depending
on the positioning of the prosthesis, the implantation procedure and the pathology of the
patient, it is necessary to adjust the soft-tissue structures of the joint in order to restore
the function of the knee. The assessment and adaptation of the soft-tissue envelope is a
subjective process that is strongly dependent on the surgeon.

This dissertation addresses these challenges and seeks quantitative guidelines for soft-
tissue management based on a meta-analysis of the laxity of the natural knee joint. A
further aim of the present study was to clarify in the scope of in-vitro investigations to
what extent the loosening and removal of individual structures alters joint laxity and how
far the joint can be balanced by targeted resection of soft-tissue structures. In addition,
in-silico investigations within the scope of this thesis form the basis for a numerical tool
to better understand the function of the ligaments and to better plan soft-tissue balancing
preoperatively in the future.

The investigations of the natural laxity of the knee joint in di↵erent flexion angles and
loading directions by utilizing a meta-analysis show a strong dependency of the joint laxity
on the flexion angle. Furthermore, the results show a distinct asymmetry of joint laxity
when comparing translations in opposite directions within a certain degree of freedom.
The data collected provide the surgeon with quantitative target parameters for natural
soft-tissue balancing in knee arthroplasty procedures.

The in-vitro investigations on 19 human knee specimens show that the restoration of soft-
tissue function of the knee after arthroplasty cannot be achieved by kinematic alignment
alone. The use of a bicruciate-retaining knee arthroplasty is the only way to keep the
anterior and posterior stability of the joint in balance. To correct varus deformities,
balancing of the medial collateral ligament appears to be a safe method. Correction of
valgus laxity can be achieved by partially or completely resecting the lateral collateral
ligament, however this increases the risk of instability in joint flexion.

Within the scope of this work, subject-specific multi-body simulation models could be
developed with which the laxity of the knee joint can be predicted, especially for low
flexion angles. The presented procedure for the approximation of the ligament attachment
sites represents a time-saving alternative to the segmentation of the attachments in MRI
imgaes.

Keywords:: Knee, endoprosthetics, gonarthrosis, soft-tissue balancing, laxity, multi-body
simulation, attachment site approximation
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Anatomical terms of location

In the following, individual anatomical terms of direction and position are explained and
visualized (Figure 0.1).

Anatomical terms Location or direction

Anterior Front, lying in front

Posterior Rear, lying behind

Lateral Lateral, lateral to the midline, to the side

Medial Towards the center of the body

Superior Lying on top, the upper one, the higher one

Inferior Lower, lying below

Proximal Located or running towards the center of the body

Distal Located or running away from the center of the body

Frontal plane Plane in the direction of the body’s longitudinal axis,
parallel to the forehead, front view

Transversal plane Horizontal plane, divides the body in top and bottom

Sagittal plane Plane oriented from back to front, divides the body me-
dian into two halves

Varus rotation Angulation of the knee in the frontal plane, with the
angle pointing away from the midline of the body

Valgus rotiationl Angulation of the knee in the frontal plane, with the
angle pointing towards the midline of the body

Internal rotation Axial rotation of the tibia relative to the femur towards
the medial side

Extern rotiationl Axial rotation of the tibia relative to the femur towards
the lateral side

Flexion Angulation of the knee in the sagittal plane, bending
of the joint by decreasing the angle between femur and
tibia

Extension 0° of flexion, bending of the joint by increasing the angle
between femur and tibia
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External rotation
Internal rotation

Varus rotation Valgus rotation

Flexion

Extension

Anterior

Posterior

Inferior
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Sagittal plane

Transversal plane

Frontal plane

Figure 0.1: Anatomical terms describing locations, directions and motions in the human
knee.
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Nomenclature

Symbol Description

(CS)
S

Coordinate system of the sensor

f

S

Force vector of the sensor

f

S

x

x component of the force sensor with respect to (CS)
S

t

S

Torque vector of the sensor

t

S

x

Torque around the x -axis with respect to (CS)
S

T

T

S

Transformation matrix from (CS)
S

to (CS)
T

x

des

Desired position of the robot

u Position correction of the robot

Ri ith rotation matrix

p i Translation vector

y Shift of the (CS)
T

into the geometric rotational center

Si ith body in space

q i Vector of position coordinates of Si

q⇤ Virtual positions

v i Velocity of Si

r i Global position vector of the center of gravity of Si

p i Rotatation quaternion of Si

!i Angular velocity of Si

�(q) Jacobian matrix with respect to position q

� the right-hand side of acceleration constraints

� right-hand side of acceleration constraints

Z Objective functions

C Coe�cient matrix of equilibrium equations

sj Muscle strength of the j th muscle

mi Mass of Si

I Identity matrix

J Inertia tensor

g i Sum of forces

↵
FDK

Guess of the joint position during FDK calculation

✏ Strain

l
0

Slack length

P Pressure module

||x ||
2

Euclidean norm

� Radial basis function
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Abbreviations

Abbreviation Description

ACL Anterior cruciate ligament

ALL Anterolateral ligament

alPCL Anterolateral bundle of the posterior cruciate ligament

amACL Anteromedial bundle of the anterior cruciate ligament

CI Confidence interval

dMCL Deep medial collateral ligament

DOF Degree of freedom

FDK Force dependent kinematic

KRL Kuka robot language

LAS Ligament attachment site

LC Lateral capsule

LCL Lateral collateral ligament

MC Medial capsule

MRI Magnet resonance imaging

OPL Oblique posterior ligament

PCL Posterior cruciate ligament

plACL Posterolateral bundle of the anterior cruciate ligament

pmPCL Posteromedial bundle of the posterior cruciate ligament

POL Popliteal oblique ligament

RTD Robot based testing device

RBF Radial basis function

RMSE Root mean square error

RSI Robot sensor interface

SD Standard deviation

sMCL Superficial medial collateral ligament

STL Standard triangulation language

TKA Total knee arthroplasty

xiii



xiv



Contents

Zusammenfassung v

Abstract vii

Anatomical terms of location ix

Nomenclature xi

Abbreviations xiii

1 General introduction and structure 1

2 State of the art 3

2.1 Anatomy of the knee joint . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1.1 Articulating bones . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.1.2 Ligaments and joint capsule . . . . . . . . . . . . . . . . . . . . . . 4
2.1.3 Minisci . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 Basic biomechanics of the knee joint and its ligament structures . . . . . . 6
2.2.1 Kinematic, laxity and loading of the knee joint . . . . . . . . . . . . 6
2.2.2 Biomechanics of the ligaments . . . . . . . . . . . . . . . . . . . . . 7

2.3 Aetiology and pathogenesis of gonarthrosis . . . . . . . . . . . . . . . . . . 10
2.3.1 Definition of gonarthrosis . . . . . . . . . . . . . . . . . . . . . . . 10
2.3.2 Aetiology and pathogenesis . . . . . . . . . . . . . . . . . . . . . . 10

2.4 Total knee arthroplasty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.4.1 Types of prosthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.4.2 Implantation techniques . . . . . . . . . . . . . . . . . . . . . . . . 16

3 Challenges and aims 21

4 Scientific approach 23

5 Soft-tissue laxity of the healthy knee joint 25

5.1 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.1.1 Literature search . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.1.2 Data extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
5.1.3 Data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

5.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

6 In-vitro analysis of the balancing capacity of the human knee in arthroplasty

procedures 35

6.1 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
6.1.1 Robot based knee simulator . . . . . . . . . . . . . . . . . . . . . . 36

xv



Contents

6.1.2 Coordinate systems . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.1.3 Control architecture . . . . . . . . . . . . . . . . . . . . . . . . . . 39
6.1.4 Robot scripts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.1.5 In-vitro investigation of the knee laxity in dependence on the soft-

tissue situation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
6.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

6.2.1 Physiologic joint laxity in dependence on flexion angle . . . . . . . 48
6.2.2 Joint laxity in dependence on soft-tissue condition . . . . . . . . . . 50

6.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

7 Investigation of an in-silico model for laxity analysis of the knee joint 63

7.1 Materials and methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
7.1.1 Mathematical description of the multibody system . . . . . . . . . . 64
7.1.2 Rigid-body knee model . . . . . . . . . . . . . . . . . . . . . . . . . 67
7.1.3 Subject specific modeling . . . . . . . . . . . . . . . . . . . . . . . . 71
7.1.4 Accuracy and sensitivity analysis of the in-silico model . . . . . . . 75
7.1.5 Model validation and simulation of the knee laxity . . . . . . . . . . 78

7.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
7.2.1 Accuracy and sensitivity analysis . . . . . . . . . . . . . . . . . . . 80
7.2.2 Model validation and simulation of the knee laxity . . . . . . . . . . 86

7.3 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

8 Conclusion and perspective 101

Bibliography 103

List of figures 125

List of tables 129

Curriculum Vitae 131

A Appendix - Soft tissue laxity of the healthy knee joint I

A.1 Search strategy used for literature search in the meta-analysis . . . I
A.2 Details of the included studies . . . . . . . . . . . . . . . . . . . . . I
A.3 Supplementary material to the results . . . . . . . . . . . . . . . . . X

B Appendix - In-vitro analysis of the balancing capacity of the human knee in

arthroplasty procedures XV

C Appendix - Investigation of an in-silico model for laxity analysis of the knee

joint XIX

C.1 Accuracy and sensitivity analysis . . . . . . . . . . . . . . . . . . . XIX
C.2 Model validation . . . . . . . . . . . . . . . . . . . . . . . . . . . . XIX

xvi



1 General introduction and structure

With its distinctive asymmetrical design the knee is the biggest joint in all mammalian
species. The sophisticated interplay of numerous ligament structures, tendons, muscles,
cartilage structures and fat pads makes the joint a drive for complex movements and a
damper at the same time. In the bipedal locomotion of the human beeing, the knee carries
almost the full body weight and enables a stable standing position as well as a high degree
of agility and mobility. However, the high loading and the complexity of the joint archi-
tecture also make the knee joint vulnerable to injuries and diseases. First and foremost,
gonarthrosis, i.e. the arthritic disease of the joint surface of the knee, is a frequent cause
of chronic pain and physical disability which also influences the psychological status of
a↵ected people and their families. This degenerative disease mostly a↵ects elderly peo-
ple, posing major challenges for the industrialized nations in view of their aging societies.
Consequently, gonarthrosis is responsible for a significant and steadily increasing burden
on the healthcare system all over the world. Thus researchers, engineers and surgeons are
continuously working on treatment methods to overcome this disease. Since the 1960’s the
replacement of the diseased joint surface by use of technical materials has become the gold
standard for treatment of the arthritic knee joint. This prostheses o↵er the return to a
pain-free life and restored knee function with an implant survival rate of 15 years and more.
However, the improvement in clinical outcome has stagnated in recent years. Still every
5th patient is dissatisfied with the result of the procedure su↵ering residual symptoms such
as swelling, pain, instability or sti↵ness. Even increasingly better implants and modern
computer-assisted implantation techniques which allow a precise implant alignment more
than ever before could not improve functionality and patient satisfaction as expected. In
addition, patients’ expectations of knee endoprosthetics are constantly increasing. The
patients nowadays not only want to move pain-free but also increasingly wish to return
to their sport activities they did before arthrosis. As improved implant designs, implan-
tation instruments and other e↵orts such as computer assisted surgical techniques did not
solve this issues, the importance of anatomical aspects as well as the surgical technique
became more apparent again. The integrity of the soft-tissue envelope which guides the
joint, is essential for the functionality of the knee joint and satisfaction of the patient after
total knee arthroplasty. An unbalanced knee may be responsible for symptoms instability,
sti↵ness or unnatural feeling of the joint which is frequently reported. Thus, the adap-
tion and restoration of the ligamentous structures and tendons is an essential step during
knee joint arthroplasty. The soft-tissue tension is adjusted during surgery by partially
and completely resecting individual soft-tissue structures. Although, based on theoretical
considerations and clinical observations, more and more recommendations for soft-tissue
balancing are suggested, there are still no quantitative target parameters as guideline for
surgeons. Instead, the adjustment of the soft-tissue situation depends primarily on the
surgeon’s subjective assessment and personal experience. This lack of knowledge is the
reason for this work.

On the following pages, the dissertation addresses the need for research in this field. Thus,
quantitative target parameters for soft-tissue balancing in the total knee arthroplasty are

1



1 General introduction and structure

developed and the capacity of the soft-tissue envelope to rebalance the joint during knee
arthroplasty procedures is analyzed. Furthermore, a numerical model is developed and
investigated with which the complex structure of the knee joint can be systematically ana-
lyzed with respect to its restraints. This model is laying the foundation for a tool that may
enable preoperative planning of soft-tissue management in the total knee arthroplasty, in
the future.

Besides the introduction, the work is divided into 7 further chapters:

Chapter 2 introduces the theoretical background and basic information related to the
topic of this thesis. In particular the anatomy and biomechanics of the knee joint as well
as the aethiology, pathogenesis and the surgical treatment of the arthrotic disease are
presented.

Chapter 3 describes the problem area which is addressed in this thesis, based on contem-
porary scientific literature data. Building on this, the objectives of this work are derived
and presented.

Chapter 4 explains the way how the raised scientific questions and objectives are an-
swered in this thesis.

Chapter 5 presents a meta-analysis of scientific literature of in-vitro experiments dealing
with the laxity of the human knee. Di↵erences in laxity depending on the angle of flexion
in di↵erent directions were analyzed. In this context, the influence of experimental pa-
rameters on the measured joint laxity is presented.

Chapter 6 describes the experimental setup which was developed for biomechanical test-
ing of the human knee joint. Furthermore, in-vitro investigations on human knee joints
in order to evaluate the function of individual soft-tissue structures on joint laxity with
respect to knee arthroplasty are presented.

Chapter 7 presents a numerical model of the knee joint which allows for subject-specific
simulations of the knee laxity. A method for the approximation of ligament attachment
sites is described. Furthermore, sensitivity analysis of several model parameters are shown.
Finally, a description of the validation process of the model is given.

Chapter 8 summarizes the findings of this thesis and provides directions of further re-
search related to this work.
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2 State of the art

In order to understand the objectives addressed by this work, the following section de-
scribes the anatomy of the biological structures of the knee joint, its biomechanics and
kinematics. Furthermore, a detailed description of the disease pattern of gonarthrosis and
its treatment by means of an endoprosthetic treatment is provided. Thereby, the di↵erent
types of prostheses, implantation techniques and implantation steps such as soft-tissue
balancing are explained.

2.1 Anatomy of the knee joint

The knee is the middle joint of the lower extremity. It is one of the most complex and
most strained joints in the human body. Three articulating bones and numerous soft-
tissue structures, ligaments, tendons, cartilage structures, bursa and fat pads contribute
significantly to the coordinated movement of the knee joint (Figure 2.1). In the following
the individual structures of the knee and their functions are described in detail.

2.1.1 Articulating bones

The distal end of the femur and the proximal end of the tibial bone outline the main
joint of the knee (art. femorotibialis). In distal view, the femoral condyles form two
biconvex, bulging structures which slightly run together in ventral direction. The medial
condyle is slimmer and more angled than the lateral counterpart. The two condyles are
separated by the fossa intercondylaris at the dorsal end and by the facies patellaris at the
ventral end. The sagittal curvature of the condyles is not constant; instead, the radius
increases regularly from posterior to anterior. The two condyles and the intercondylar
fossa are covered with hyaline articular cartilage. On the tibial side, the condyles are
opposed by two reciprocally curved, medial concave, lateral convex, but incongruent and
substantially flatter articular surfaces, which are separated from each other by a slight
elevation in the centre. Anterior to the femorotibial joint, the patellofemoral joint forms
an ancillary joint between the disc-shaped, sesamoid, bone (patella) in the tendon of the
quadriceps (musculus femoris) and the trochlea of the distal femur. The upper two-thirds
of the articulating patella surface are covered with 4-5mm thick hyaline joint cartilage
[114]. This posterior surface is divided lengthwise into two facets, each of which provides
contact with the lateral or medial condyle of the femur. The facets are arranged at an
angle of 120-140° [212] to each other and thus allow a stable gliding in the trochlea. The
fibula, is a near to the knee joint located bone that lies laterally against the tibia. The
fibula has no articulating function in the knee joint and little functional influence on the
knee. Only individual ligament structures covering the knee joint start at the proximal
end of the fibula.

3



2 State of the art

Femur

Ant. capsule

Tibia

Fibula
LCL
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MCL
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Figure 2.1: Anatomy of the capsule and ligament envelope of the knee joint in anterior (A),
posterior (B), medial (C) and lateral view (D). In a transversal view (E) the
menisci and the intra articular ligaments are shown. ACL: anterior cruciate lig-
ament, ALL: anterior lateral ligament, LCL: lateral collateral ligament, MCL:
medial collateral ligament, OPL: oblique popliteal ligament, PCL: posterior
cruciate ligament, POL: posterior oblique ligament. Adapted from [213].

2.1.2 Ligaments and joint capsule

Both joints of the knee are covered by a shared joint capsule and lie in a unified artic-
ular cavity. Due to the limited guidance of the joint via the articulating surfaces of the
femorotibial joint, stability and mobility is achieved through a strong ligament structure.
A di↵erentiation is made between extra- and intra-articular ligament structures.

The most important stabilizers amongst the intra-articular ligaments are the cruciate lig-
aments. Both structures are located in the middle of the knee and contribute significantly
to the stabilization of the femorotibial joint. The cruciate ligaments protect the joint
primarily against anterio-posterior and superio-inferior shear loads. These ligaments are
tensioned di↵erently depending on the flexion position of the knee. Anatomically, the
anterior cruciate ligament (ACL) rises from the area intercondylaris anterior to the inner
surface of the lateral condyle. Due to the wide attachment areas of the ACL and with
regard to function, two bundles are distinguished in the literature [160]: the anteriomedial
(amACL) and the posteriolateral (plACL). Opposite to the anterior, the posterior cruci-
ate ligament (PCL) runs from the area intercondylaris posterior to the inner surface of
the medial condylus femoris. This ligament is also functionally divided into two bundles:
the anteriolateral (alPCL) and the posteriomedial (pmPCL) bundles. While the anterior

4



2.1 Anatomy of the knee joint

Table 2.1: Overview of the intra- and extra-articular ligaments in the human knee joint.

Extra-articular ligaments

Patellar tendon

Medial longitudinal retinaculum (anterior capsule)

Lateral longitudinal retinaculum (anterior capsule)

Medial transversal retinaculum (anterior capsule)

Medial transversal retinaculum (anterior capsule)

Medial collateral ligament (MCL)

Lateral collateral ligamend (LCL)

oblique popliteal ligament (OPL)

Posterior oblique ligament (POL)

Anterolateral ligament (ALL)

Intra-articular ligaments

Anterior cruciate ligament (ACL)

Posterior cruciate ligament (PCL)

Anterior meniscomeniscal ligament

Posterior meniscofemoral ligament

structures of the extra-articular ligaments essentially contribute to the guidance of the
patella in the femoral patella facies, the lateral capsule-ligament structures ensure a stabi-
lization against varus and valgus loading of the knee joint. Of the two main extra-articular
structures, the medial collateral ligament (MCL) is the most pronounced. It originates
at the medial epicondylus, extends in distal direction and attaches both directly under
the tibial plateau and about 7-8 cm distally to the medial tibiae facies. Anatomically, the
MCL is divided into two main bundles: the superficial MCL (sMCL) and the shorter, deep
MCL (dMCL). The two medial ligaments can be shifted in relation to each other and are
oriented di↵erently. While the wider superficial ligament runs obliquely forward, about
15-20° to the tibial axis [244], the deep inner ligament continues to attach more dorsally to
the tibia. On the opposite side of the joint there is the lateral collateral ligament (LCL).
This starts at the lateral epicondylus and then continues to the caput fibulae where it
is inserted super-laterally. Consequently, the LCL has no direct connection to the tibia
[213]. The lateral ligament and also the medial ligaments show the highest tension when
the knees are stretched and loosen in flexion. The posterior oblique ligament (POL) is
attached to the posterior part of the MCL at the tibia, which extends obliquely over the
intercondylar fossa and is attached super-laterally above the lateral condyle. The POL is
particularly important for stabilization and meniscus protection during flexion [99]. The
largest ligament at the posterior aspect of the knee joint, is the oblique popliteus ligament
(OPL). This thin ligament is integrated into the posterior capsule and originating at the
posterolateral aspect of the lateral femur condyle and running in inferomedial direction
towards the distal tendon of the semimembranosus muscle [135]. In addition to these
well known ligaments, another ligament has to be mentioned which was discovered within
the last 10 years and has been discussed extensively in the scientific literature since then.
The ligament called anteriolateral Ligament (ALL), runs along the lateral aspect of the
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knee joint between femur and tibia. This anterior ligament originates in the lateral femur
condyle of the LCL and runs down to the anterolateral side of the tibia [41].

2.1.3 Minisci

The meniscus medialis and lateralis are two crescent-shaped fibrocartilaginous structures
located between the articular surfaces of the femur and the tibia. The menisci have a
triangular geometry in cross section. The ends of the menisci are connected to the tibial
plateau by four ligaments. The menisci compensate for the incongruencies of the joint
surfaces of the knee, increasing the bearing surface and thus the load acting surface in
the knee [244]. Although both minisci are attached to the tibia by means of ligament
structures, they remain mobile on the tibial plateau and adopt slightly di↵erent positions
depending on the rotation and flexion of the knee joint.

2.2 Basic biomechanics of the knee joint and its ligament

structures

The mobility of the knee joint is essentially achieved by a complex interaction of bones,
ligament structures, muscles and menisci. The mentioned soft tissue structures not only
control the movement of the joint, they also absorb external loads acting on the lower
extremities. However, the complex structure and the high load on the joint also make
it vulnerable to diseases. An understanding of participating structures is a necessary
prerequisite for comprehending the pathologies and therapeutic approaches associated
with the knee joint. Biomechanical basics of the knee joint and its structures are described
below.

2.2.1 Kinematic, laxity and loading of the knee joint

The knee joint is one of the most highly loaded joints in the human body. This is due
to its position far below the centre of gravity of the body and due to the strong muscle
structures surrounding the joint. In order to facilitate human mobility, the knee joint
has three translational and three rotational degrees of freedom. The degrees of freedom
of the knee are restricted by the surrounding soft tissue structures. The quantitative
description of this property in clinical and experimental investigations is usually done by
the parameter of joint laxity. This is defined as the reaction of the joint in the form of
translations and rotations of the tibia relative to the femur as a result of a defined, non-
destructive loading of the joint (typical values are within the range of 100 N and 10 Nm).
The laxity of the joint within a degree of freedom can be summarized as the range of
motion. The degree of freedom with the largest range of motion of about 145° is obtained
with the flexion-extension motion of the knee [201]. If the joint is in maximum extension,
it is locked and allows hardly any rotational degrees of freedom. As flexion increases, the
varus-valgus rotation as well as the internal-external rotation become increasingly looser.
In a 90° flexion position, the joint then allows an inner-outward rotation of about 40° and
a varus-valgus rotation of 10°. In the course of the first 20° of flexion, the femoral condyles
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roll on the tibial plateau. Undergoing a further flexion, the cruciate ligaments of the knee
joint prevent a further pure rolling motion. Instead, the surfaces of the femorotibial joint
roll and additionally slide onto each other [164]. Therefore, the knee joint movement is
better known as a so-called roll-gliding motion. In summary, this kinematic property is
expressed by a typical almost linear femorotibial translational movement during flexion of
the joint from 0° to 90°, in which the tibia moves forward about 15 mm relative to the femur
[55]. When the knee joint moves from a flexed position into the extension, an external
rotation of the tibia of about 7° can be observed at the last 30° to the extension, the so-
called screw-home mechanism [83]. In addition to femorotibial kinematics, patellofemoral
kinematics should also be mentioned. Essentially, the patella is a kind of deflection pulley
for the quadriceps muscle. Accordingly, the patellofemoral joint is particularly loaded
during extension movements [98]. Seen from the front, the patella is centered between
the condyles in full extension, slightly above the trochlea. The femoropatellar joint has
the largest laxity in this position. Basically, the movement of the patella is strongly
dependent on the active contraction of the quadriceps muscle [148]. By connecting the
patella with the tibia via the patellar ligament, the patella follows the tibia during flexion
and extension. Accordingly, a movement towards inferior during flexion and towards
superior during extension can be observed. The contact surface of the femoropatellar joint
increases with increasing flexion. Correspondingly, with rising flexion, the patella is more
and more guided through the femoral trochlea, which essentially determines the movement
trajectory of the patella [148].

For a long time only kinematics of the knee joint could be observed, the internal forces
were largely unknown as basic kinematics can be measured non-invasively in contrast to
the forces acting in the joint. For this reason, instrumented prostheses were developed with
the help of which it is now possible to record the loads in the joint on a limited number
of subjects. First axial load measurements were published by the working group around
D’Lima [52, 53]. Three months after implantation of an instrumented knee prosthesis, an
80-year-old patient showed an axial load of up to 120 % of body weight. After a further
nine months and an up to now strengthened musculature, loads of 280 % of the body
weight could be determined. Accordingly, a large part of the joint load can be attributed
to muscle activation. In recent years, Bergmann’s working group has also investigated
the load on the knee joint using instrumented prostheses [90]. For the first time, medio-
lateral and anterio-posterior shear forces were recorded. This was shown to be subject
to considerable fluctuations and range from 70 % to 390 % of body weight [117, 171]. In
addition, the studies by Damm et al. confirmed the considerable axial load on the knee
joint during normal gait and also showed that the knee joint is loaded with two loadpeaks
of 210 % and 257 % body weight per gait cycle due to the heel strike and the toe o↵ phase
in the alternating gait [47].

2.2.2 Biomechanics of the ligaments

The main task of the ligaments in the knee joint is to ensure joint stability over the en-
tire range of motion. Each of the numerous ligaments is to some extent responsible for
stabilizing the joint in several degrees of freedom (DOFs) [245]. The ligament structures,
which are essentially composed of nearly parallel bundles of collagen fibres and interme-
diate fibroblasts [192], di↵er greatly in length, width and strength within the knee joint.
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The ligament attachments are compact in some cases and spread in others. Individual
ligaments can usually be divided into several bundles, each of which is characterised by
its parallel fibres. Although a ligament is described as an overall structure, under certain
loads it can be seen that only parts of the fibre structures are stretched, others remain slack
[61]. This indicates that the ligaments of the knee joint are much more complex structures
than one would initially assume. This also becomes clear when ligaments are subjected
to tensile stress. The human ligaments show a nonlinear, anisotropic force-displacement
behavior especially at low loads of 50 N to 100 N and below. As the load increases, the
sti↵ness of the ligaments increases until they then exhibit an almost linear material be-
havior under increased loads [61]. The mechanical characterization of individual ligament
structures of the knee joint was and is the subject of research. The mechanical characteris-
tics of the ligaments described in the literature are subject to large variations (Table 2.2).
The reason for this is on the one hand the large variance of human tissue depending on
factors such as age and sex, but on the other hand the variance is also due to the testing
conditions: a load on a ligament based on physiology is only possible if the ligaments,
including their anchoring in the bone, can be tested. If the ligament is detached from the
bone anchors, it is very di�cult to introduce forces into the ligament without changing
the natural function of single bundles.

Table 2.2: Failure load and mean sti↵ness of the major ligaments of the knee reported by
various authors.

Ligament Failure load / N Mean sti↵ness / (N/mm)

ACL 1207± 548 [225, 174, 247] 171± 91 [225, 84, 174, 247]

PCL 732± 146 [225, 84, 154] 203± 131 [225, 84, 88, 154]

dMCL 148± 66 [239, 202] 35± 10 [243, 239]

sMCL 546± 16 [239, 202] 66± 4 [243, 239]

LCL 404± 29 [225, 223, 162] 61± 34 [243, 225, 223, 162]

POL 256± 30 [239] 39± 16 [239]

ALL 175± 62 [118, 197] 23± 10 [118, 197]

Very few attempts have been made to directly measure ligament force by removing the
bony attachment and coupling a tensiometer to the ligament (Figure 2.2). In the following,
changes in the load of the respective ligament could be recorded depending on the flexion
angle [155, 157, 195]. Since the ligaments were initially loosened for mounting the force
transducer, the method is quite inaccurate and the initial force in the ligaments remains
unknown. Accordingly, studies on length change are primarily the only literature available
for the assessment of the load of individual ligaments. Individual findings in this regard
are presented below:

For the anterior cruciate ligament, there are partly conflicting study results with regard
to the length change of individual ACL bundles with flexion of the knee joint. In their
in-vitro study, Girgis et al. showed a reciprocal function of the amACL and plACL bundle,
with the am bundle beeing tight at high flexion and loose in extension and the pl bundle
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Figure 2.2: Schematic presentation of the tensiometer device that was used to measure
in-situ forces in a ligament. Figure adapted from [195].

beeing tight in extension and loose in flexion [74]. In contrast, recent studies using MRI
and 3D fluoroscopy imaging on five subjects showed that the length of the amACL from
flexion to extension did not change significantly, whereas for the plACL a length change
of 14 % (from extension to 90° flexion) with a significant decrease in the length of the
anterior cruciate ligament could be observed, especially at flexion angles greater than 60°.
The authors concluded that the posterior part of the ACL may have a more significant
tension in extension than in flexion [140]. In their study, Li et al. examined not only
the ACL but also the length change of the PCL during flexion and found a significant
elongation of 31 % and 22 % of both PCL bundles (alPCL, pmPCL) by flexing the knee
from 0° to 90° [140]. These changes in length therefore indicate a stronger tension of the
ligament in flexion than in extension. Similarly, Hosseini et al. investigated length change
patterns of single bundles of the LCL, sMCL and dMCL in eight subjects [96] when the
knee joint was flexed from 0° to 120°. The investigations showed di↵erent length changes
for the LCL, depending on the bundle. The anterior third of the ligament lengthened
by 6 % with flexion, while the middle and posterior third of the ligament shortened by
up to 3 % and 12%, respectively, during flexion. These studies therefore suggest that
the anterior third of the LCL is tense in flexion while the middle and posterior bundle
are most tense in extension. The investigations of the sMCL showed almost no change
in length for the anterior third of the ligament with flexion up to 90° degrees, while the
middle and posterior third of the sMCL shortened by 8 % and 15 %, respectively. Even
greater di↵erences between the individual bundles could be observed for the dMCL. While
flexion up to an angle of 90° resulted in an increase in length of 17 % for the anterior third
of the ligament, a decrease in length of 15 % was observed for the posterior third. The
middle third of the dMCL, on the other hand, hardly changed in length. Also the length
change pattern of the ALL during flexion from 0° to 90° was investigated on six cadaver
specimens. The investigations showed an increasing length with increasing knee flexion of
up to 12 % at 90° of flexion [259]. These investigations illustrate the complex function of
individual ligament structures and give isolated indications of the tension situation within
a ligament in the healthy knee joint.
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2.3 Aetiology and pathogenesis of gonarthrosis

The present work is mainly focused on the treatment of the knee joint su↵ering from
gonarthrosis. In this chapter the causes as well as the course of the disease of knee
arthrosis are described in detail in order to explain the complexity of the disease and the
background for the treatment of knee arthrosis by means of a knee endoprosthesis.

2.3.1 Definition of gonarthrosis

Gonarthrosis describes a slowly progressive, essentially non-inflammatory, degenerative
disease of the knee joint [126]. Depending on the localization of the disease in the joint,
a distinction is made between patellofemoral, femorotibial and patellofemorotibial os-
teoarthritis. Contrary to popular belief, osteoarthritis is not solely a disease of physi-
ological wear and tear. On the other hand, the aetiology of osteoarthrosis is still unclear
in many aspects and is often used today as a term for a heterogeneous group of diseases.
Based on this, the following definition of osteoarthritis was developed in cooperation with
the American Academy of Orthopedic Surgeons, which can also be used without restric-
tions for gonarthrosis [132]:

”Osteoarthritis is a group of overlapping distinct diseases, which may have di↵erent aetiolo-
gies but with similar biologic, morphologic, and clinical outcomes. The disease processes
not only a↵ect the articular cartilage, but involve the entire joint, including the subchon-
dral bone, ligaments, capsule, synovial membrane, and periarticular muscles. Ultimately,
the articular cartilage degenerates with fibrillation, fissures, ulceration, and full thickness
loss of the joint surface.”

2.3.2 Aetiology and pathogenesis

In recent decades, the view on the aetiology of osteoarthritis has changed from a joint
disease that occurs as a result of wear and tear of the articular cartilage layer alone (”wear
and tear” theory) to a complex metabolically active group of diseases with similar de-
velopmental pathways a↵ecting the entire organ. The pathology of osteoarthrosis ranges
from joint cartilage disease, changes in joint near bone which are manifested in osteophytic
extensions and sclerotic thickening of the bone to pathological changes in the ligament and
capsule structures. Some patients su↵er from severe pain, while many patients with diag-
nosed osteoarthritis have no symptoms [137]. To this day, the causes of pain development
in osteoarthritis are widely unknown [50]. However, a large number of pathological, bio-
logical, epidemiological and biomechanical studies have been able to identify key disease
mechanisms over the last 20 years. According to the state of science, osteoarthrosis is a dy-
namic clinical picture which includes opposing degenerative as well as reparative processes
[31]: As a result of an initial damaging process or mechanical trauma, all components of
the entire organ participate in an adaptation reaction depending on the severity of the
damage. This reaction is expressed, for example, by an increased metabolic activity of the
cartilage in bone regeneration and remodelling [166]. The further course then depends on
the success of the repair process and the severity of the damage and can present itself as a
trigger for a further degenerative process as well as a compensative state. These triggers
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are apparently influenced by biochemical, biomechanical, metabolic processes as well as
environmental influences and predisposition [166]. The course of the disease can be highly
individual, which might be the explanation for the strong heterogeneity of the disease and
its symptoms. In this regard numerous epidemiological studies have uncovered systematic
factors such as obesity, age or gender as well as mechanical and local factors such as joint
position, trauma, soft-tissue or muscle tension as risk factors influencing osteoarthrosis
[166].

The theories mentioned above can be applied to gonarthrosis without any restrictions.
The joint specific aetiology of knee joint arthritis is distinguished by two basic disease
processes: the idiopathic or primary gonarthrosis is less a result of a clearly attributable
factor or trauma that sets the disease in motion, but rather arises under the influence
of various risk factors that promote degeneration of the joint. Secondary gonarthrosis,
on the other hand, is the result of clearly definable factors which within a primary event
lead to direct or indirect degeneration, or damage to the joint cartilage or its extracellular
matrix, which in a second step propagates to the development of oseteoarthritis as a
result of destructive and reparative processes [166]. As the disease progresses, various
mechanical, neurological, hormonal and biochemical mechanisms of action intermesh to
further advance the disease: As a result of cartilage damage, abrasion particles of the
cartilage in the form of detritus particles and free proteoglycans move into the joint space,
and inflammation-promoting cytokines as well as proteases are released into the joint
space by the body. These particles, proteins and enzymes then lead to an irritation of
the synovial membrane, which then manifests itself in the form of swelling and pain up to
e↵usion. This mechanism can then trigger further destruction cascades in interaction with
cytokines and macrophages in which the cartilage matrix is further destroyed [121].

In the case of another mechanism, initial inflammation and cartilage destruction together
with known risk factors such as obesity, axial joint misalignment or soft-tissue-related in-
stability lead to an increased load on the subchondral bone which results in a remodeling
reaction in the form of increasing bone density [126]. This is manifested by a deteriorated
nutrition of the cartilage, the risk of neurotic bone resorption as well as reduced bone elas-
ticity and thus increased mechanical stress on the cartilage [34]. The development of pe-
ripheral osseous protrusions, the so-called osteophytes, which are typical for osteoarthritis,
are also frequently mentioned in this context. However, the cause of osteophyte formation
is still unknown today. Descriptions of this bone formation as a compensatory reaction in
the sense of a joint enlargement as a result of increased joint loads are controversial [126].
While the development of osteophytes is a clear indicator of age, observations in humans
showed that cartilage damage alone is not directly related to osteophyte formation [10].
However, data also show that osteophytes in the knee joint can have a stabilizing e↵ect in
patients with osteoarthritis [188].

Other processes driving the disease are neuromuscular mechanisms. As a result of an initial
inflammatory reaction in the joint, a↵erent neurons as well as intraarticular mechanore-
ceptors are inhibited. This is expressed in a reduced stimulus transmission and a change
in neuronal muscle activation [178] and propreoception [235, 71, 177]. These neurological
disorders increase the risk of falling and the risk of unnatural loading of the joint, which
can easily lead to further injury of the joint surface. The interaction of the mentioned
processes as well as the influence of numerous risk factors lead to a continuous progressive
damage of the joint. Finally, pain and movement restrictions caused by this joint degen-
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eration in the last consequence results in an artificial replacement of the joint surfaces in
order to exchange large parts of the damaged tissue.

2.4 Total knee arthroplasty

Condylar knee arthroplasty in its current form describes the implant-based, partial or com-
plete replacement of the sliding and bearing surfaces of the knee joint. With approximately
170,000 implantations in Germany per year [175], it is a very successful and meanwhile
routinely performed surgical method to restore joint function as a result of osteoarthritis
or massive fractures. The idea of arthroplasty goes back to the middle of the 19th century.
In contrast to the current method, the main idea was to replace the diseased joint surfaces
after an initial joint resection with biological tissue such as muscle or joint capsule inserted
between the bone ends to allow the bone ends to heal [229]. Some of these treatments were
described as successful, although the treatment results at that time are certainly not com-
parable with those of today’s joint replacement operations. In 1928, Albee described the
current problems of treatment in a published research article as follows: ”These patients
either had insu�cient motion to satisfy them, or more often the degree of mobility was
satisfactory but lateral instability was present and proved so troublesome as to o↵set the
advantages of mobility” [7]. Based on these findings, technical materials made their way
into knee joint arthroplasty in the 1950s. Numerous physicians and scientists experimented
with polyamide tissues instead of biological soft-tissue [133]. However, the groundbreaking
success was not achieved with this method. Parallel to these developments, initial e↵orts
were made to replace joint surfaces destroyed by arthrosis with an endoprosthesis. For the
first time, the concept of reconstructing the joint surfaces with resistant, biocompatible
materials to restore joint function was developed. The first e↵orts with this concept were
limited to hemiprosthetic solutions, i.e. implants that partially replaced only one of the
joint surfaces of the knee with a polyethylen or metal implant. These treatment attempts
also showed only moderate success, so that with further e↵orts in development the first
complete joint replacement implants were developed in the 1950s [130]. As instability was
registered as a major complication with earlier implants, a knee prosthesis with only one
degree of rotational freedom was initially used [232]. These implants showed very good
results immediately after the operation, but Wilson showed considerable implant loosening
and thus implant failure already three years after implantation [242]. With the develop-
ment of a semiconstrained total condylar desings in 1974 [1], the first serious successes
were achieved in the treatment of osteoarthritis of the knee joint. This concept was based
on the following basic principles, most of which have survived to this day [1]:

• Both joint surfaces are completely replaced.

• Straight, strictly defined bone incisions enable precise and safe implant placement.

• A concave design of the tibial component stabilizes the joint in the anterio-posterior
direction and during axial rotation.

• The femoral and tibial components are partially conforming to give the joint the
necessary degrees of freedom while avoiding point contact. The conformity provides
a flat distribution of the load.
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• The design of the implant components is based on the anatomy of the healthy joint
in order to ensure the function of the soft-tissue envelope, the remaining ligaments
and the musculature.

• The main part of the tibial component consists of polymer. The fixation is carried
out by means of a central peg, which is inserted into the bone in order to absorb
mainly acting moments and shear forces.

• Fixation of the implant components with bone cement in order to achieve a stable
fixation with a broad load transfer.

2.4.1 Types of prosthesis

The initial total condylar concept of 1974 was slightly adapted in the following years to
address the still existing complications such as implant loosening and instability (an ab-
normal increase in joint mobility) in total knee arthroplasty (Figure 2.3), [104]. The main
implant variants of the recent years with their underlying philosophies are compared be-
low:

Posterior-cruciate-retaining Bicruciate-retaining Hinged knee

Figure 2.3: Prosthesis with di↵erent type of restraints and di↵erent preservation of soft-
tissue structures (Adapted from [3, 4, 2]).

Multiradius knee vs. single radius

One of the most important design criteria of modern knee arthroplasty is the relation
of joint replacement to the anatomy of the healthy knee joint [106]. Multi-radius prosthe-
sis designs take this into account in the sagittal design of the femoral component, which is
characterized by a radius that changes several times according to the morphology of the
distal femur. This design concept is intended to achieve a particularly natural soft-tissue
tension of the soft-tissue envelope depending on the flexion of the joint, thus ensuring
secure joint stability.
However, recent clinical and biomechanical studies suggest that prostheses with a multi-
radius design are more prone to mid-flexion instability than other designs [110]. This
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was particularly observed in prosthesis designs with strong, sudden changes in the radius.
Contemporary multi-radius prosthesis designs are, therefore, now characterized by a fine
gradation of the radii [43].
The multi-radius design is countered by the single-radius design, in which the sagittal con-
tour of the femoral knee component is designed with a continuous radius in the range of
motion of 10° to 110°. This design is based on biomechanical studies which show a locally
fixed flexion-extensions axis in the kinematic view of the knee joint [95]. With regard to
clinical functionality, the data is not yet clear, but individual studies indicate improved
stability in mid-flexion compared to multi-radius designs [110].

Fixed bearing vs. mobile bearing

The majority of today’s knee prostheses have a fixed bearing of the tibial polymer com-
ponent (Figure 2.3). Therefore, the polymer inlay of the tibial implant is rigidly attached
to the base plate anchored in the bone. One of the major complications in knee endopros-
thetics, apart from stability, is the loosening of the implant and wear of the polymer joint
surface. To counter this problem, implant types were developed with a polymer onlay
that had one or two DOFs relative to the tibial base plate (Figure 2.4). The aim was to
reduce the friction of the femoral component on the polymer inlay, reduce the shear stress
on the bone-to-implant interface and enable higher mobility while maintaining the confor-
mity of the prosthesis components. Some studies have also confirmed these biomechanical

Figure 2.4: Schematic representation of the mobile bearing prosthesis concept.

advantages of this design philosophy [189]. Clinically, however, a so-called back-side wear
phenomenon became apparent especially in the early development phase. The tibial poly-
mer inlay showed a significant wear of the inlay back face (bearing surface) which in the
further course led to a failure of the knee endoprosthesis. This problem was solved in later
designs. Another disadvantage of the design was the observation of unphysiological roll
forward behaviour of the knee prosthesis during flexion, instead of a physiological rollback
[37].

Cruciate retaining vs. posterior stabilized

The supporting soft-tissue structures, especially the central intraarticular cruciate liga-
ments, are of great importance for the stability of the knee joint. Modern total knee
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arthroplasty (TKA) therefore aims to insert the prosthesis as non-invasively as possible in
order to preserve as many soft-tissue structures of the knee joint as possible (Figure 2.3).
Since on the one hand the implant components require a large surface area for themselves,
and on the other hand insertion and alignment of the implant by retaining the ACL is
very challenging, almost for all implant designs available today the ACL has to be sac-
rificed to allow the insertion of the tibial prosthesis component. However, the posterior
cruciate ligament can be retained with specialized cruciate retaining prosthesis designs.
Nonetheless, an improve in the clinical outcome by preservation of the posterior cruciate
ligament could yet not be confirmed [24].
In some cases, especially in patients with a weak soft-tissue situation or in patients who
su↵ered from the sacrifice of the posterior cruciate ligament, a simple prosthesis design
cannot achieve su�cient stability. There are two di↵erent posterior stabilizing approaches
for these cases: On the one hand there is the possibility of using an inlay with a higher
conformity, on the other hand implant designs exist which limit the knee stability mainly
in the anterio-posterior direction by means of a central pin at the level of the posterior
cruciate ligament as part of the tibial inlay.

Patient specific vs. generic

In order to change the kinematics and function of the knee joint as little as possible,
it is a first step to replace the sliding surfaces of the knee joint as physiologically as pos-
sible with patient-specific prosthesis components. With the aid of geometric information
from medical image data, computer-assisted procedures can be used to calculate the joint
condition prior to the arthrotic disease and rebuild it with appropriately individualized
prosthetic components [19, 141]. However, it is not possible to map the stabilizing function
of the joint cartilage or the menisci with the technologies available today, which results
in a discrepancy between the functionality of a physiological knee joint and individual
prosthesis designs. Furthermore, the manufacturing process of such implants is time con-
suming and expensive. Nevertheless, current clinical and biomechanical studies which
investigated this prosthesis concept have shown improved kinematical function compared
to generic implant designs [258, 183].

Guided designs

In addition to semi constrained designs, total knee arthroplasty also includes significantly
more closely guided joints in order to address the considerable problem of joint instability
(Figure 2.3). The designs range from implants with conforming inlays which guarantee a
higher stability of the joint, especially in the anterio-posterior direction, to hinge joints
which restrict not only the mobility in the anterior-posterior direction but also in the varus-
valgus direction. Some conservative variants of these guided joints also restrict motion in
the internal and external rotation by coupling the femoral with the tibial component (Fig-
ure 2.3). An example of a joint with increased constraints is the so-called saddle joint,
which has saddle-shaped geometries in the intercondylar region of the tibial inlay and
corresponding bearings in the femoral component. This saddle joint allows stabilization
of the joint depending on the flexion position.

Patients who, in addition to anterior-posterior instability, also exhibit wide open, uncon-
trolled varus-valgus instability can only be treated with a coupled prosthesis. With a
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rotating hinge design, the rotational degree of freedom can be stabilized in the varus-
valgus direction. However, the free internal and external rotation of the joint allows a
more natural joint movement compared to the hinge joint with only one degree of freedom.

Biruciate retaining design

Besides joint surface replacement itself, maintaining or regaining joint stability is one
of the main goals for the functional restoration of the arthrotically diseased knee joint.
Therefore, the preservation of all ligament structures is considered ideal for knee arthro-
plasty. However, most available joint systems require the sacrifice of the anterior cruciate
ligament to create space for the prosthesis and to allow proper implant alignment and
fixation. In recent years, therefore, there have been repeated e↵orts to implement an im-
plant design to preserve both cruciate ligaments. The first attempts on this approach were
made with the introduction of unicompartmental knee prosthetics [21]. The unicompart-
mental arthroplasty procedure is thus designed for patients in whom only one condylar
side of the joint is a↵ected by arthrosis and accordingly only the replacement of the joint
surface on one of the two condyles is performed, while the intercondylar area remains
untouched. By applying this type of prosthesis to both the medial and lateral condyle,
total knee arthroplasty can be achieved while preserving both cruciate ligaments. The
main di�culty lies in implant placement, which must be carried out with particularly high
accuracy to prevent implant loosening and wear as well as to ensure the function of the
soft-tissue structures through a natural balance [200]. However, the complicated implanta-
tion represents the main limitation of this concept and has so far prevented its widespread
application. With the introduction of robot-supported implantation procedures in knee
endoprosthetics, in which three-dimensional surgical planning can be transferred to the
situs with high precision, this implant concept receives increased attention.

2.4.2 Implantation techniques

Regardless of which of the above mentioned prosthesis concepts a patient is treated with,
the implantation, more precisely, the implantation technique is crucial for the function,
durability, pain relief and general outcome of knee arthroplasty [161, 159]. For this it is
necessary to remove the area destroyed by the arthrosis by means of joint surface resections
and to replace it with an artificial joint as well as to restore the function of the soft-tissue
envelope responsible for the movement and stability of the joint. Today there are many
highly specialized tools available for this purpose in order to enable the prosthesis to
be implanted as accurately as possible. In addition to the purely mechanical resection
tools, cutting blocks and implantation aids, computer- and robot-supported implantation
techniques have for some time been making their way into knee arthroplasty with the aim
of improving the accuracy of the implantation [111]. However, the main surgical steps are
independent of the tools used and are described in more detail below:

The surgical approach, i.e. the structured opening of the joint, is the beginning of the
operation and an important step towards a successful joint replacement. The aim of the
surgical approach is to open the joint as gently as possible, in order to achieve su�cient
exposure for the surgeon, and especially to protect the functionally important extensor
apparatus and not to sustainably damage the patellar blood supply [179]. The current
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literature discusses four basic approaches: medial parapatellar, medial midvastus, subvas-
tus and lateral access. In addition, there are numerous other modifications of these four
access types. An essential part of all these access routes is an anterior longitudinal incision
through the skin, followed by a division of the underlying soft-tissue structures in order
to obtain a clear view of the joint surfaces of the knee joint.

Following the opening of the knee joint, the first individual soft-tissue structures are re-
sected. For instance, the Ho↵a fatty body is removed to provide a better view of the knee
joint, the anterior cruciate ligament is resected to make room for the implant, and the two
menisci of the knee are removed as they are replaced by the implant. Using two to three
femoral and a tibial bone incisions, the joint surfaces of the femorotibial joint are removed
to prepare the implant-bone interface. The position and orientation of the bone incisions
are based, on the anatomy of the knee joint and the dimensions of the implant and, on the
other hand, on the reference axis used for alignment. There are di↵erent reference axes in
knee arthroplasty:

Mechanical alignment

The mechanical alignment established decades ago, follows the goal of a stable joint with
a neutral alignment of the knee with respect to the mechanical limb axis [18]. The me-
chanical limb axis is formed by a linear connection between the center of the femoral head
and the center of the distal tibial joint surface of the ankle joint. Accordingly, the align-
ment of the prosthesis is independent of the individual varus-valgus alignment of the knee
in order to systematically ensure a mechanically uniform restoration that prevents from
strong asymmetric loading of the implant components. To quantify the amount of bony
correction necessary to achieve neutral knee alignment, the mechanical axis can again be
divided into two axes: the mechanical femoral axis runs from the center of the femoral
head to the intercondylar notch of the distal femur. The mechanical tibial axis is formed
by a linear connection between the center of the tibial plateau and the center of the upper
ankle joint [149]. The angle between the two axes describes the degree of deformity of the
knee joint [39]. In the healthy knee joint, the mechanical axis of the femur and the baseline
of the knee joint, which is formed by a medio-lateral tangent to the condylar surface, span
an angle of about 87°. Leg deformity is present in cases where the mechanical tibial axis
does not coincide with the mechanical leg axis which is then corrected in mechanically
aligned total knee arthroplasty. Therefore, the prosthesis components are aligned in the
frontal plane 90° to the mechanical leg axis. In the transversal plane, the components are
aligned according to the transepicondylar axis which is defined by the most prominent
aspect of the lateral and the sulcus of the medial epicondyle (Figure 2.5), [18].

Kinematic alignment

In contrast to the mechanical alignment, the philosophy of kinematic alignment follows
the idea of incorporating the individual anatomy of the patient into the implant posi-
tioning. The aim of this technique is to align the prosthesis as closely as possible to the
kinematical axes [97]. The kinematic axes in knee arthroplasty di↵er significantly from
the axes mentioned above. The kinematic axes describe the three-dimensional movement
of the knee joint by mere orientation on the mechanics of the joint or anatomy of the
individual bones. Three axes have to be mentioned here: the transversal condylar axis
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which can be constructed from the connection of the midpoints of two circles fitted into
the condyles; another transversal axis anterior, proximal and parallel to the condylar axis
which describes the movement of the patella; a longitudinal axis which is perpendicular to
the first two axes which describes the internal and external rotation of the joint [49]. The
components are aligned along these axes. Accordingly, varus-valgus deformities are not
corrected. This implantation concept is, therefore, not suitable for patients with severe
deformities (Figure 2.5).

Figure 2.5: Representation of knee axis, used for implant alignment in total knee arthro-
plasty. A, B: frontal view of the lower limb in extension and 90° of flexion show-
ing the mechanical (black), kinematic (blue), and epicondylar axis (green). C:
kinematic axis built, based on cylinders fit into the condyles. D, E: mechanical
and kinematic alignment of the implant components (red).

The choice of the alignment philosophy has a significant influence on the soft-tissue enve-
lope. Accordingly, depending on the alignment technique, adjustments to the tension of
individual tendon and ligament structures are necessary. These adjustment steps, which
are essential for the subsequent outcome of the operation, are summarized under the term
soft-tissue management or soft-tissue balancing [107]. Behind these terms hides basically
the release of mainly ligament structures, but in particular also tendons with the aim to
change the joint gap. Only in rare cases ligament structures are completely detached.
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In most cases, only individual fibres or bundles of a ligament structure are released or
attempts are made to reduce the ligament sti↵ness by means of small cuts in the ligament
(so-called pie crusting technique). The decision on which of these many soft-tissue struc-
tures of the knee joint need to be partially released depends on the varus-valgus status
of the joint, any pathological joint contractions, the implantation technique, the implant
and the surgeon. Soft-tissue balancing is therefore a highly individual and critical step
during the implantation of a knee prosthesis: Incorrect soft-tissue balancing leads to joint
sti↵ness or instability, resulting in rapid functional loss of the entire joint [14, 68].

In order to get an overview of the soft-tissue situation during the operation and to objec-
tively assess the e↵ect of soft-tissue management, new instruments have been developed
in recent years with which the joint can be tensioned or pressures within the joint can
be measured: By means of spreaders and joint distractors, which are inserted into the
joint space, a knee joint can be extended in order to evaluate the pretensioned joint space
[214, 42]. Another option is to evaluate joint stability and soft-tissue function using dis-
tance blocks and sample inlays [21]. Recent developments should make the soft-tissue
balance more quantifiable. Using instrumented tibial trial implant components, the joint
pressures between lateral and medial femoral condyle as well as the tibial component can
be recorded [204]. The soft-tissue structures are usually adjusted using the mentioned
tools in extension and flexion after insertion of an implant template. After the soft-tissue
situation has been adapted to the joint prosthesis, the implant components are finally
fixed to the bone. In a final step, the joint capsule is closed again and the layers above
are sutured.
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3 Challenges and aims

As the descriptions in subsection 2.3.2 showed, arthrosis is a serious disease of the joints.
In Germany about 12.4 million people are a↵ected by this disease [63]. More than 50%
of all patients diagnosed with osteoarthritis su↵er from gonarthrosis [63]. In Germany
alone, about 165,000 patients are, therefore, treated annually with primary total knee
joint arthroplasty and the number of cases is steadily rising [175]. The mean age of these
patients is 70 years at the time of surgery. However, statistics also show that patients are
getting younger and younger [38]. Young and mobile patients, in particular, make high
demands on joint arthroplasty, as they wish to return to physical exercise at home and
at work, participate in social activities in general without restrictions in mobility or even
resume the sport they exercised before the disease.

Current studies show, however, that about 20% of all patients with a knee joint prosthesis
are dissatisfied with the treatment outcome [81]. The patients report one year post-
operatively that the knee joint ”does not feel normal”, a lowered inducement for movement,
swelling, sti↵ness, pain and generally poor knee function, for example during squatting,
turning/shifting or moving laterally [173]. Also there are abnormalities in joint kinematics
which are often seen in the clinical evaluation after knee arthroplasty such as mid-flexion
instability or a missing screw home mechanism in joint extension [221, 85].

Despite the constant further development of prosthesis designs, which is also reflected in
the numerous implant variants available today (subsection 2.4.1) and the constantly new
and further developed tool technologies such as computer-assisted surgery, the number
of dissatisfied patients could not be significantly reduced [33]. For this reason, the es-
tablished surgical procedures for aligning the prosthesis components with the bone were
recently challenged [97, 224]. The philosophy of mechanical alignment developed and
widely used over decades and its modifications in which the prosthetic components are
aligned perpendicular to the mechanical leg axis of the femur and tibia and the joint with
its surrounding soft-tissue envelope is balanced in such a way that a symmetrical and
equal joint gap is created in extension and flexion, allows for the implantation of the pros-
thesis with simple tools. At the same time it enables the correction of joint deformities
(i.e. varus or valgus deformities), but it does not take the natural joint kinematics into
account and may, therefore, change the function of the surrounding soft-tissue envelope
(subsection 2.4.2). Motivated by studies from Anne M. Hollister’s research group on the
rotational axes of the healthy knee joint [95], Howell and Hull developed a novel alignment
technique (kinematic alignment) with the aim of restoring the natural joint kinematics of
the knee as well as possible and preserving both the natural alignment of the joint and the
function of the soft-tissue envelope (subsection 2.4.2) [97]. The alignment of the femoral
component is achieved according to the natural joint surface while attempting to restore
the prearthritic condition. The alignment of the tibial component, on the other hand,
is achieved by the vertical alignment of the anterior-posterior axis relative to the trans-
verse axis of the femoral component, followed by an alignment of the centers of the tibial
component with the center of the tibia [97].
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This promising prosthesis concept considers the natural joint position and kinematics more
than well-establish alignment techniques. In addition, much greater attention is paid to
the restoration of the natural function of surrounding soft-tissue structures. The studies
carried out to date to compare classical mechanical alignment with the new kinematic
alignment technique paint a controversial picture. In some cases, kinematic alignment
shows slightly better clinical results, but the results are far less clear than expected by
the supporters of the technique [224]. The reason for this may be the limited study
situation with currently only six prospective studies on the one hand, on the other hand
this technique is currently still in a development phase. Thus, for example, there are
currently no recommendations regarding the target group suitable for such an implantation
procedure.

A consistent implementation of this philosophy also requires to provide a knee laxity
when implanting the prosthesis that allows to reproduce natural knee joint kinematics.
This, therefore, requires a more extensive evaluation and, if necessary, adaptation of the
laxity of the joint through a systematic balancing of the soft-tissue envelope. Knowledge
about soft-tissue balancing has been primarily obtained in the context of mechanically
aligned total knee arthroplasty. Accordingly, many of these results cannot be transfered
to derive balancing recommendations for kinematic alignment. Basic studies that deal
with joint stability in arthroplasty without committing to a special alignment procedure
are rare. Furthermore, it is currently unclear to what extent the declared aim of kinematic
alignment to preserve the physiologic state of the soft-tissues as well as possible is a realistic
goal, especially since individual structures must be removed in the course of the operation
to make room for the prosthesis. Furthermore, there are currently no descriptions of
joint laxity which are based on a large cohort. Thus, quantitative target parameters for
balancing are missing. This presents new challenges for the soft-tissue balancing step.
Critical here is the possible influence of individual structures on di↵erent directions of
joint laxity as well as a possible interaction of di↵erent structures. The strong influence of
numerous parameters such as the implantation technique or the implant alignment as well
as anatomical parameters and individual pathological changes such as deformities of the
joint make balancing very complex. For this purpose, a numerical model would be helpful
to investigate the interaction of di↵erent ligament structures with respect to joint laxity.
Such a model could then be used to derive a tool with which soft-tissue management can
be planned preoperatively in the future based on medical imaging data.

This dissertation aims to address the described challenges in the knee arthroplasty with
the following main objectives:

• to investigate the natural laxity of the knee joint with its asymmetries and depen-
dencies on the flexion angle in order to develop target parameters for joint laxity in
the total knee arthroplasty.

• to fundamentally investigating the restraints of the knee joint depending on the con-
dition of the soft-tissue envelope with regard to knee arthroplasty and to analyse to
what extent the joint can be balanced by targeted resection of soft-tissue structures.

• to develop a simulation model which enables the prediction of the joint laxity de-
pending on subject-specific anatomy and soft-tissue condition in order to gain new
insights for soft-tissue management in knee arthroplasty procedures and to create the
basis for a computer-based tool for preoperative planning of soft-tissue management.
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In order to address the questions raised as well as possible, three di↵erent methods were
applied in the context of this dissertation: a meta-analysis, an in-vitro investigation, as
well as the development and validation of an in-silico model (Figure 4.1). The results from
the di↵erent approaches can be used to mutually ensure the plausibility of the individual
research results. In the following, the basic considerations for the individual solution
approaches are presented.

Figure 4.1: Schematic overview, illustrating the interlocking of the various methods used
to address the aims of this dissertation. Drawing of the knee modified after
[213].

In order to obtain reliable data on the laxity of the healthy, human knee joint, which are
suitable for describing joint laxity in general and not just the characteristics of a small
cohort, it is necessary to analyze the natural laxity of a large number of joints. Due to the
limited number of specimens available, the associated ethical concerns and the immense
e↵ort required for such investigations, this cannot be achieved by own investigations of
specimens. However, there are numerous publications in the literature in which the laxity
of the healthy joint was recorded in individual directions. Therefore, all relevant, available
literature data were collected in the context of this work and re-evaluated with the help
of statistical methods in order to address the underlying problem.
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Such a method is not suitable for analyzing the function of individual soft-tissue structures
and their relevance for soft-tissue balancing in the knee arthroplasty, since very few data
is available in the literature. Consequently, own investigations were used to address the
underlying problem. For the investigations a new robot based biomechanic joint simulator
was built and put into operation. The investigations of the joint laxity were performed by
applying force and moment controlled loads in di↵erent directions. In-vitro investigations
on knee specimens then made it possible to examine the function of individual soft-tissue
structures with respect to the soft-tissue balancing in total knee arthroplasty. Single
anatomical structures were dissected and the change in laxity of the knee joint in single
direction was recorded.

Last, a new knee model was developed within the scope of this work in order to be able
to numerically simulate the knee laxity. Since the movement within the joint is of special
interest and in view of a later application for preclinical planning a short computing time
and the possibility to integrate motion capture data is desirable, the decision was made
to use a multibody simulation model. The advantage of this type of model compared
to a finite element model is, that there are simulation platforms specially designed for
biomechanical investigations with which a biomechanical model can easily be extended
to include other joints and structures. By creating subject-specific data model, based on
image data from specimens used in the in-vitro study, not only a indirect validation by
a comparison to literature, but a direct one-to-one validation of the in-silico model could
be achieved.

24
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In the scientific literature there are numerous studies describing approaches to ensure the
most e�cient soft-tissue management possible in total knee arthroplasty. In these studies,
the authors report the sequential order in which individual ligament structures should
be partially released in order to achieve a balanced knee joint. The sequences described
in the literature di↵er considerably in some cases [131]. Despite a lively discussion in
research on this topic, total knee endoprostheses still fail today in part due to poor soft-
tissue management [172]. One of the reasons for this is that to this day there are no
commonly accepted guidelines regarding the desired soft-tissue tension of the knee joint.
There are numerous guidelines for balancing itself, but there are still no guidelines that
describe a desirable knee laxity in di↵erent directions for various flexion angles. Especially
for modern, soft-tissue preserving techniques (e.g. kinematic alignment TKA), guidelines
for soft-tissue tensioning based on examinations of the joint laxity on healthy knee joints
seem suitable. In the scientific literature numerous studies exist, which deal with the
determination of the soft-tissue laxity of the knee joint. In this context, the published
literature can basically be distinguished in in-vivo and in-vitro investigations.

For in-vivo measurements di↵erent methods exist: these are mainly arthrometry, stress
x-ray and radiostereometric analysis. In arthrometry, the knee laxity is determined by
means of a device mounted around the knee joint of the patient. The device releases only
defined DOFs and shifts the tibia relative to the femur in the desired direction under a
pre-determined load. These non-invasive systems have the disadvantage that the measure-
ments can be falsified by the soft-tissue movement (skin, fat, muscles) [217, 62]. A more
accurate method which is not sensitive to the amount of soft-tissue present is the stress
x-ray, in which the displacement of the tibia relative to the femur under load is recorded
fluoroscopically [108]. The disadvantage of this method lies in the radiation exposure of
the patient. For this reason, examinations with this method are mostly limited to a few
flexion positions and testing directions. In addition, in most cases resulting knee motion
is only captured in two dimensions, which can end in errors due to projection e↵ects.
One method with which a high resolution of the joint displacement in three-dimensional
space can be recorded in-vivo is radiostereometric analysis [30]. For this method, small
tantalum beads are inserted into the bones to be measured. The displacement of the joint
under load can then be recorded three-dimensionally using two synchronously released
x-ray sources, each of which records the joint from a di↵erent perspective. The obvious
disadvantage of this method is its invasive nature, due to which only patients who have
to be treated surgically can be considered for such examinations. Furthermore, only few
clinics are equipped to perform radiostereometric imaging.

A much simpler and very e↵ective method to measure the laxity of the healthy knee joint
is the in-vitro examination. The examination of cadaveric joints coming from tissue donors
allows a highly accurate assessment of joint laxity, the methods used in existing studies
di↵er much less and there are no limitations due to the invasiveness of the application.
Accordingly, in-vitro studies are particularly suitable for deriving the desired guidelines
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for soft-tissue management of the knee joint. In the following, guidelines are to be worked
out, by analysis of the existing scientific literature. The main focus is on summarizing knee
laxity in anterior and posterior direction as well as in varus-valgus rotation and internal-
external rotation. In this context, the asymmetry of the laxity values of antagonistic
movements will also be investigated. Parts of these analysis were published in the Journal
of Bone and Joint Surgery [60].

5.1 Materials and methods

The guidelines and recommendations of the Preferred Reporting Items for Systematic
Reviews and Meta-Analysis statement (PRISMA) were taken into account in preparing
this meta-analysis [220]. For the investigations, scientific databases were searched and all
relevant studies were further analysed. Relevant data were extracted from the manuscripts,
summarized and further analyzed. In the following the procedure is explained in more
detail.

5.1.1 Literature search

In order to retrieve all relevant studies during the last 20 years (January 1st 1996 - De-
cember 31st 2016), the PubMed (https://www.ncbi.nlm.nih.gov/pubmed/) database and
Web of Science (http://wokinfo.com/) were searched with combinations of the following
keywords: biomechanical, knee, in-vitro, cadaveric, ligament, structures, laxity, soft-tissue,
robot, robotic, simulator (Appendix A.1). The title list of this search was then analysed
for relevant publications and the full text documents of those extracted. The following
criteria were defined for the study selection:

• The knee laxity was examined on healthy joints.

• Laxity in at least one of the following directions was recorded: anterior, posterior,
varus rotation, valgus rotation, internal rotation, external rotation.

• The joints were examined without simulation of the musculature.

• The data have been published in English language.

• The absolute values of the laxities determined in the studies were published in text
form, tabular form or as a diagram.

5.1.2 Data extraction

The data were excerpted from the publications in a standardized way. The mean values
and standard deviations of the laxity data were extracted for previously determined flex-
ion positions. For the anterior and posterior translational directions the laxity data were
recorded in full extension (0°), and 15°, 30°, 60° and 90° of flexion. The laxities in varus
rotation, valgus rotation, internal and external rotation were recorded for the flexion po-
sitions full extension (0°), and 30°, 60° and 90° of flexion. For this purpose, the text of the
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studies was examined and relevant data were transferred into a standardized table. If the
data were available in tabular form, these data were also transferred to the standardized
table. For publications where the laxity data was only available in the form of diagrams,
the diagrams were enlarged to fill the screen and then saved in .png format. The diagrams
were then digitally transcribed using freely available software (Engauge Digitizer, version
10.0). The accuracy of this method was examined by use of publications in which the data
were presented both in the form of numerical values and in form of a diagram. The result
was an accuracy of < 0.1° or < 0.1 mm per data point. In addition to the laxity data, fur-
ther information regarding the specimens used and on the execution of the investigations
was extracted from the publications. The following data were collected as far as it was
possible: name of the lead author, year of publication, number of specimens, mean age
of the donors, sex of the donors, specimen condition, storage temperature, thawing time,
test rig design, definition of the coordinate systems used, forces/torques applied, DOFs
of the testing setup. Boxplots of the pooled laxity data and laxities of analysis with the
most often used testing method were generated for the six di↵erent testing directions. The
latter were used to compare the data with own measurements, which were recorded with
the same testing method (chapter 6).

5.1.3 Data analysis

The statistical software R (version 3.3.2 , R Foundation for Statistical Computing) [230]
was used to further analyse the collected data. In order to carry out corresponding
analyses, the packages ”mice” (Multivariate Imputation by Chained Equations) [36] and
”metafor” (A Meta-Analysis Package for R) [230] were also used. Before the data could
be used for a meta-analysis, the data had to be further processed in order to prevent
distortions caused by missing single values. For this reason, individual missing values in
the data table were filled by means of an imputation procedure. The completeness of
the data set before imputation was 80.5-86.8 %. A predictive mean matching model was
used and fifteen imputations were processed to guarantee a stable imputation. In order
to estimate the missing values, all other laxity data were used as predictors. In order to
increase the reliability of the estimates, the type of testing setup, DOFs of the testing
setup and amount of applied load were also used as predictors. In order of assessing the
validity of the imputation, a sensitivity analysis was performed with the aim to assess
the ”missing at random” assumption. For further data analysis, a meta-analysis using a
mixed-random-e↵ects model was chosen. The decision was based on previous heterogene-
ity studies in which the heterogeneity between the studies was quantified by I2 according
to Higgins and Thompson [94]. Heterogeneity was then further investigated by subgroup
analysis. For this purpose, the individual studies included were classified according to
research groups. The di↵erent research groups were identified by the list of authors and
the a�liation given in the study.

The main analysis was performed in the form of a three-level mixed-random-e↵ects analysis
with the aim to detect di↵erences between the laxities (anterior, posterior, varus rotation
valgus rotation, internal, and external rotation) depending on the flexion position. In
addition, meta-analysis was used to investigate the asymmetry of the joint by determining
the di↵erences between the opposing movements (anterior-posterior, varus-valgus rotation
internal-external rotation). For all analysis the mean laxity and standard deviations were

27



5 Soft-tissue laxity of the healthy knee joint

defined as the observed outcome. Type of testing setup, DOFs of the testing setup and
applied loads served as covariates. For the statistical evaluation a significance level of
↵ = 0.05 was defined. For the presentation of the results mean values and 95 % confidence
interval (CI) were given.

5.2 Results

The literature search in the databases resulted in a total of 1,117 hits. After reviewing the
titles and abstracts, 115 relevant articles were identified. Thirty nine of these publications
did not meet the inclusion criteria, according to which 76 studies with data totalling 865
knee joints were finally included in the meta-analysis (Figure 5.1, Appendix A.2). The level

Figure 5.1: Flow of study selection for the meta-analysis showing the number of included
and excluded studies (n = number of articles).

of detail of the experimental methods described in the publications di↵ered considerably.
The mean age of the tissue donors was therefore only stated in 61 %, the gender of the
donors was only announced in 25 % of all included studies. However, the testing machine
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used for the study was reported in 100 % and the amount of applied load in 99 % of the
publications. Further details are summarized in the following table (Table 5.1).

Table 5.1: Summary of the experimental methods reported in the included studies.

Experimental methods Number (%) of studies adequatly
reporting experimental methods

Sample mean age 46 (61)

Sample range age 63 (83)

Sample sex 19 (25)

Sample situation 61 (80)

Sample storage temperature 52 (68)

Sample thawing time 58 (76)

Testing machine 76 (100)

Testing force 75 (99)

Location of coordinate Systems 28 (37)

Degrees of freedom 57 (75)

The load applied to evaluate the knee laxity di↵ered between the publications and ranged
from 45-150 N for the anterior and posterior direction. The applied loads in varus and
valgus rotation were 3-10 Nm and 5-10 Nm, respectively. The axial rotation laxity was
evaluated by applying torques of 4-10 Nm for internal rotations and 3-10 Nm for external
rotations. In 76 % of all studies, a robot testing device was utilized to evaluate joint
laxity, in 9.2 % a material testing machine and in 14.5 % a custom made testing device
was used. Besides the amount of load and the type of testing device, the number of DOFs
for the individual test scenarios di↵ered between the included studies. In 67% of the
studies only one DOF (flexion angle) and in 7% of studies two DOFs were restrained for
the investigations. In one case each, three and five DOFs were restrained, respectively.
21% percent of the included studies did not report the restraints of motions in their testing
protocol.

Heterogeneity in the included studies

The analysis of the heterogeneity between the included studies was without a further
subgroup analysis in the lowest case I2=85% for the external rotation and in the maximal
case I2=98 % for the valgus rotation. By means of a subgroup analysis the heterogeneity
could be further assigned. Thus the heterogeneity between the research groups ranged
from I2<1 % for external rotation to I2=53 % for anterior translation. Within the research
groups similarly high values were observed, whereby the heterogeneity ranged from I2=42
% for laxity data in anterior direction to I2=85 % for external rotation laxity. Further
details are summarized in the following table (Table 5.2).

Knee laxity at di↵erent flexion angles

The knee laxity changed in the knee joint depending on the angle of flexion between 0° and
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Table 5.2: Overall amount of heterogenieity between the included studies (I2) for the dif-
ferent testing directions. Heterogeneity between and within research groups are
presented.

Testing direction Global / % Inter group / % Intra group / %

Anterior translation 95 53 42

Posterior translation 96 50 46

Varus rotation 94 47 47

Valgus rotation 98 49 49

Internal rotation 90 28 62

External rotation 85 <1 85

90° in all investigated directions. The lowest laxity was observed at 0° flexion in all test
directions except posterior translation and was 4.31 ± 1.45 mm in anterior translation,
5.51 ± 1.46 mm in posterior translation, 2.49 ± 1.05° in varus rotation, 3.00 ± 0.65° in
valgus rotation, 10.98 ± 3.36° in internal rotation, and 11.66 ± 4.30° in external rotation.
The following changes of the laxity could be observed in the individual directions:
The anterior laxity changed from 0° to 15° by 1.74 mm (95 % CI, 1.55, 1.92), from 15° to
30° by 0.81 mm (95 % CI, 0.58, 1.04), from 30° to 60° by -0.84 mm (95 % CI, -1.08, -0.59)
and from 60° to 90° by -0.78 mm (95 % CI, -1.02, -0.54). Accordingly, the highest laxity
could be observed with 7.38 ± 2.28 mm at 30°. All laxity values in anterior direction
di↵ered significantly from each other with flexion angle (p<0.001) except for the laxities
at 15° and 60° which did not di↵er significantly from each other (p=0.85) (Figure 5.2,
Table A.4, A.7).

The posterior laxity changed from 0° to 15° by 0.57 mm (95 % CI, 0.41, 0.973), from 15°
to 30° by -0.02 mm (95 % CI, -0.18, 0.15), from 30° to 60° by -1.67 mm (95 % CI, -1.82,
-1.52) and from 60° to 90° by 0.77 mm (95 % CI, 0.58, 0.95). All changes were significant
(p<0.001) except between 15° and 30° (p=0.84). The highest laxity of 5.99 ± 1.71 mm
could also be observed here at 30° flexion (Figure 5.2, Table A.4, A.8).

The greatest laxity in varus rotation was observed at 90° and was 4.92 ± 1.33°. The change
of flexion angle resulted in an increase of laxity by 2.42° (95 % CI, 2.14, 2.71) from 0 to
30°, by -0.18° (95 % CI, -0.51, 0.15) from 30° to 60° and by -0.64° (95 % CI, -1.00, -0.28)
from 60 to 90°. Laxity changed significantly in all cases (p<0.001) except when changing
from 30° to 60° (p=0.28) (Figure 5.3, Table A.5, A.9).

Regarding valgus rotation, the highest laxity could be observed at 60° and was 6.96 ±
2.96°. The laxity changed with the FLexion from 0° to 30° by 3.47° (95 % CI, 2.14, 2.71),
from 30° to 60° by -1.07° (95 % CI, -1.30, -0.85), and from 60° to 90° by 1.85° (95 % CI,
1.43, 2.26). The laxity change with flexion angle was significant in all cases (p<0.001)
(Figure 5.3, Table A.5, A.10).

The laxity at internal rotation was highest at 60° with 19.39 ± 5.88°. From 0° to 30° the
laxity changed by 6.56° (95 % CI, 5.93, 7.19, p<0.001), from 30° to 60° by -0.96 (95 %
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5.3 Discussion

Figure 5.2: Tukey’s box plots showing the knee laxity in anterior (A) and posterior (B)
direction in dependence of the flexion angle from 0 to 90°. Presented are
pooled data of all included studies (orange) and of the most often used testing
method (blue): Robot Testing Device (RTD) as testing platform and 134 N as
anterior/posterior load.

CI, -1.69, -0.23, p=0.01) and from 60 to 90° by -3.98° (95 % CI, -4.67, -3.27, p<0.001)
(Figure 5.4, Table A.6, A.11).
Similar results could be observed for the laxity at external rotation. The highest laxity
was 17.84 ± 5.71° at 90° flexion. The laxity increased steadily from 0° to 60° and increased
from 0° to 30° by 4.96° (95 % CI, 4.12, 5.81), from 30° to 60° by 2.35° (95 % CI, 1.43, 3.26)
significantly (p<0.001). The change from 60° to 90° by -0.89° (95 % CI, -1.87, 0.075) was
not significant (p=0.075) (Figure 5.4, Table A.6, A.12).

Asymmetry in laxity of the knee joint

Regardless of the angle of flexion, di↵erences in laxity between opposing directions in the
single DOFs could be observed in almost all cases. The largest di↵erences were for anterior
posterior motion (p<0.001) at a flexion angle of 0° with values of �L=-2.64 mm (95 % CI,
-2.95, -2.33), for varus-valgus rotation (p<0.001) at 30° with values of �L=-1.85 mm (95
% CI, -2.20, -1.50) and for internal-external rotation (p<0.001) also at 30° with �L=3.31
mm (95 % CI, 2.03, 4.56). The varus-valgus asymmetry at 0° and 90°, was low with -0.17°
(p=0.041) and 0.10° (p=0.45°) (Table A.3).

5.3 Discussion

A better understanding of the laxity of the native knee joint is a fundamental requirement
for e↵ective soft-tissue management in total knee arthroplasty. To date, there are no
quantitative guidelines that describe the general laxity of the knee joint on the basis of a
larger cohort. Therefore, the aim of this meta-analysis was to collect the results of all knee
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5 Soft-tissue laxity of the healthy knee joint

Figure 5.3: Tukey’s box plots showing the knee laxity in varus (A) and valgus (B) rota-
tion in dependence of the flexion angle from 0 to 90°. Presented are pooled
data of all included studies (orange) and of the most often used testing con-
dition (blue): Robot Testing Device (RTD) as testing platform and 10 Nm as
varus/valgus torque.

laxities measured in-vitro for anterior translation, posterior translation, varus rotation,
valgus rotation, internal rotation, and external rotation in order to extract guide values
for native soft-tissue balancing. Since common soft-tissue management recommendations
assume a symmetrical joint gap, another aim of this analysis was to determine the natural
degree of symmetry or asymmetry of the joint between the opposite directions of a certain
DOF. A third aspect of the analysis was to investigate the influence of the test conditions
on the measurement result in order to be able to assess in-vitro measurements in the future.
The analysis concludes that the laxity of the knee joint in the investigated directions di↵ers
greatly between the di↵erent flexion angles. In addition, the di↵erence in laxity between
anterior and posterior directions, varus and valgus rotation as well as internal and external
rotation over a flexion range of 0-90° is significant. The investigations also showed that
testing conditions in individual test directions influence laxity measurements.

The current procedure of soft-tissue balancing in total knee athroplasty is essentially lim-
ited to rudimentary recommendations for the symmetry of the joint space in most cases
only for two flexion positions (0° and 90°). The assessment of the extent of laxity itself, even
with the aid of modern balancing instruments, has so far been substantially based on the
surgeon’s assessments. This approach however cannot guarantee a complete restoration
of the function of the soft-tissue envelope. Interestingly, the data collected with meta-
analysis show that the joint gap in full extension and in 90° flexion has only a clinically
insignificant asymmetry. At 30° and 60° flexion, however, a substantial asymmetry of the
joint was found. In many cases, this leads to overstu�ng or instability of the knee joint in
flexion positions between 0° and 90° [58]. Based on the results of this analysis, soft-tissue
balancing exclusively in 0° and 90° positions is not su�cient. Consequently, soft-tissue
balancing in multiple flexion positions is recommended to prevent biomechanically unfa-
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5.3 Discussion

Figure 5.4: Tukey’s box plots showing the knee laxity in internal (A) and external (B)
rotation in dependence of the flexion angle from 0 to 90°. Presented are the
pooled data of all included studies (orange) and of the most often used testing
condition (blue): Robot Testing Device (RTD) as testing platform and 5Nm
as internal/external rotation torque.

vorable conditions such as instability or high loading which can negatively influence the
function of the joint. If the aim of modern joint arthroplasty is to restore the natural knee
joint function, the collected data can serve as guidelines, for example to restore the nat-
ural soft-tissue tension when implanting a knee endoprosthesis using modern navigation
systems or robot assistants [160]. With these technologies on the one hand, the change in
knee laxity with respect to the flexion angle and on the other hand the natural asymmetry
of the joint can be taken into account.

Another important finding was obtained by investigating the e↵ect of testing methods on
laxity. The testing modalities influenced the measurements only in single testing directions.
The load applied to measure laxity only influenced the results in the posterior direction.
The measurement of laxity in the anterior direction, on the other hand, seems to yield the
same results regardless of a load between 45 N and 150 N. With regard to the influence
of the load in the other directions, no meaningful statements can be obtained due to the
low variance of the applied load between the studies. In this meta-analysis, the test setup
only had an influence on the laxity measurements during internal rotation. The reason
for this di↵erence might be for example the test speed or the agility and accuracy of the
controller. The testing methods also di↵ered in the number of degrees of freedom released
for investigation in the individual directions. However, an influence of the number of
degrees of freedom was not observed in this study. The reason for this might probably be
the low variance and the strongly di↵erent group size of the investigations with di↵erent
degrees of freedom. In summary, it must be assumed that the test conditions of the
included studies may have influenced the laxity measurements.

The heterogeneity studies also showed a considerable variance between the studies. The
sub-group analysis also showed that on average 45 % of the heterogeneity was due to the
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5 Soft-tissue laxity of the healthy knee joint

variance between research groups, while on average 55 % of the variance was found within
a research group. The variance between the research groups may be due to di↵erent
approaches to laxity testing, such as di↵erences in test design or in the definition of
coordinate systems used. While the variance within a working group is more likely due to
the individuality of the used specimens and their preparation.
Nonetheless, this meta-analysis is also subject to some limitations. Currently there is no
standardized process to assess the quality and to check for a possible publication bias in
in-vitro studies. Therefore, the reporting of testing methods to quantify the reporting
quality of the studies included in this meta-analysis was analyed. This showed that the
physiological status of the knee joints used in the in-vitro studies was reported in only
80 % of all included studies. Accordingly, it cannot be completely ruled out that some
of the data were obtained from joints with pathological joint laxity caused by a disease
such as arthrosis-related flexion contracture or valgus deformity. Another limitation of
this study is that only in-vitro data could be used for the analysis. Numerous studies have
however shown that laxity measurements in in-vitro studies are comparable to in-vivo
measurements [156, 218].

Concluding, the meta analysis provides mean pooled laxity data and laxity data based
on the analysis with the most often used testing condition which can be used to validate
new testing devices, experimental results, or to use for numerical modeling. To guarantee
qualitative reporting, I recommend the following information to be reported in future
studies investigating the laxities of the knee: range and mean age, sex, and condition
(pathology) of the samples as well as type of the testing machine, applied loads, degrees-
of-freedom of the setup, as well as a detailed description of the coordinate system used for
data collection.
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6 In-vitro analysis of the balancing capacity of

the human knee in arthroplasty procedures

The removal of individual soft-tissue structures such as the two menisci and the ACL
is a necessary step for the implantation of the majority of prostheses available on the
market, to create space for a knee prosthesis and to allow for a proper alignment of the
components. In this way the stabilizing function of these soft-tissue structures is already
lost. In addition, depending on the implantation procedure, and the condition of the soft-
tissue, further sometimes far-reaching changes in the function of the soft-tissue envelope
are necessary to rebalance the joint.

With the development of new implant systems and implantation procedures, patients’ and
surgeons’ expectations of the joint function provided with a knee prosthesis are growing.
With regard to the postoperative soft-tissue structure of the knee joint and the implant
design, the question arises to what extent a natural joint balance can be restored using a
modern prosthesis design and a corresponding implantation technique?

By comparing the mechanical alignment technique with kinematic alignment technique,
Maderbacher et al. showed in nine knee specimens that kinematic alignment allows to re-
store a more natural and physiological femorotibial kinematic. However, the results of the
study still show considerable di↵erences in knee joint kinematics after knee arthroplasty
using kinematic alignment, especially between 20° and 70° flexion [152]. Similar results
were obtained in a study by Stoddard et al. in which two di↵erent implant designs were
investigated with regard to joint stability [221]. The authors conclude that the laxity of
the knee joint after knee arthroplasty di↵ers significantly from the laxity of a natural joint.
It is still unclear whether the observed deviations in joint kinematics and joint stability
between the knee with arthroplasty and the physiologic joint can be technically compen-
sated, i.e. eliminated with the right implantation technique and a suitable knee implant.
As a matter of principle the knee kinematic after knee arthroplasty essentially depends
on the function of the postoperative soft-tissue constitution. The most important joint
property in this regard is the joint laxity. The influence of individual ligament structures
on the laxity of the knee joint has already been investigated in numerous studies. The
majority of these biomechanical studies in this context investigated the laxity of the joint
with regard to traumatic injuries (chapter 5). Still, there are several studies investigat-
ing the influence of individual soft-tissue structures on knee laxity with regard to knee
arthroplasty. However, in these relevant studies, individual ligament structures were in-
vestigated following implantation of a knee prosthesis [40, 16, 17]. The results of these
studies therefore depend on the implantation technique and the implant design. There are
almost no basic studies independent of the implantation technique and implant design.

Therefore, the aim of this in-vitro study was to investigate the functional structure of
the soft-tissue envelope in context of knee arthroplasty procedures. In particular, the
joint laxity of the knee in anterior, posterior, inferior direction as well as in varus, valgus,
internal-and external rotation, depending on the knee flexion and the condition of the
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6 In-vitro analysis of the balancing capacity of the human knee in arthroplasty procedures

soft-tissue structures were investigated in order to clarify:

• to what extent the operative approach influences the laxity of the joint and thus
distorts an in-situ balancing of the joint laxity,

• whether the structural anatomy of the knee joint allows in principle to restore the
natural joint laxity after required tissue removals and releases of the menisci and ACL
for prosthesis implantation, and to what extent the removal of the two structures
influences the joint laxity,

• the influence of the release of individual soft-tissue structures potentially used for
soft-tissue balancing on the laxity of the joint.

6.1 Materials and methods

For the biomechanical investigation of the knee joint, a robot-based testing device was
set up. By using specially programmed testing protocols this system enables the defined
loading of human knee joint specimens in di↵erent testing directions at various flexion
positions in order to measure the laxity of the knee joint in a standardized way.
The following section presents details of the applied investigation methods. The com-
ponents of the in-vitro setup, its control structures, robot programming, the coordinate
systems used and the optical measurement system for recording geometry and kinematics
are described in detail.

A further section reports the approach to determine the laxity of the knee depending on
the soft tissue condition using human joint specimens. The individual aspects starting
with the preparation of the specimens, the definition of the testing protocol, through to
the implementation of the soft-tissue sections and releases and the statistical analysis are
described.

6.1.1 Robot based knee simulator

The test bench developed within the scope of this work consists of a robot (KR 16-2,
Kuka AG, Augsburg, Germany) including controller (KR C4, Kuka AG, Augsburg, Ger-
many) and control unit (Smart Pad), a six component force-torque sensor (Delta Net, ATI
Industrial Automation, Apex, USA), a specimen mounting tower as well as a peripheral
computing unit.

The six-axis robot with serial, open kinematics has a nominal payload of 16 kg, a reach of
1611 mm and a repeat accuracy of ± 0.05 mm. The six components force-torque sensor is
mounted at the end e↵ector. The sensor has a sensing range of at least 660 N and 60 Nm
at a resolution of at least 0.25 N and 7.5 ·10�3 Nm. The sensor flange has a mount for the
tibia of the specimen. Opposite the robot is a custom made mounting tower, which is also
equipped with a specimen mount to hold the femur of a specimen. Both specimen mounts
are equipped with devices that enable the registration of coordinate systems by means of
a probe tip and an optical measuring system. With these devices, reference coordinate
systems of a potentially used optical measuring system can be matched with those of the
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robot (Figure 6.1).

(CS)
F

(CS)
S

(CS)
W

(CS)
B

(CS)
T

Robot

Mounting adapter

Mounting tower

f/t-Sensor

Figure 6.1: Overview of the testing setup including the robot with force-torque sensor (f/t-
sensor), specimen mounting adapter at its wrist and the specimen mounting
tower are shown. Furthermore, the defined coordinate systems (CS) are dis-
played: (CS)

W

: World CS, (CS)
B

: Base CS, (CS)
T

: Tool CS, (CS)
F

: Flange
CS, (CS)

S

: Sensor CS. Colors of the CS axis represent the directions: x (red),
y (green), z (blue).

The di↵erent technical components (robot controller, smart pad, sensor, peripheral com-
puting unit) communicate over EtherCat and Ethernet interfaces, i.e. they are con-
nected via an Ethernet switch (Figure 6.2). The sensor data are fed into the Ethernet
by an ATI Net box and made available to the robot controller via an EtherCAT (Beck-
ho↵ Automation GmbH, Verl, Germany) interface. The KUKA.RobotSensorInterface and
KUKA.ForceTorqueControl technology packages enable sensor data to be integrated into
the robot controller. This allows the robot to be moved in a force-torque controlled manner.
Robot positions, forces, torques and other details required for testing can be transferred to
an external computer with an Ethernet connection between the computer and the robot
controller. The data is transferred in XML format using the KUKA.RobotSensorInterface
technology package. This makes it possible to send data from the robot to the external
processing unit and vice versa.

A stand-alone software environment based on the programming environment LabVIEW
(version 2017, National Instruments, Austin, USA), which was set up on the peripheral
computing unit, is used for online data recording and display. In addition, the software
environment has additional functions for parametrizing the robot. The controlling of the
robot itself and the execution of robot protocols is done via the Smart Pad of the robot.
In order to be able to use the robot for biomechanical specimen testing, in certain work
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f/t
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Figure 6.2: Overview of the system architecture showing the interconnection of the in-
dividual components for data exchange and processing.(RSI: Robot Sensor
Interface, KSS: Kuka System Software, GUI: Graphical User Interface, Ext.
PC: External Personal Computer)

steps it is necessary for the user to enter the workspace of the robot. This increases the
risk of injury to the user. The system, therefore, has two separate emergency switches.
One is located on the robot’s control panel and another is separately accessible outside the
work-space of the robot. In addition, the working area and safety area have been severely
restricted on the controller side in order to reduce the risk of injury.

6.1.2 Coordinate systems

For a target-oriented movement of the robot arm, the system is equipped with di↵erent
coordinate systems which, depending on the application, allow an easy coordination in
six DOFs. In addition, coordinate systems can be individually created and defined. The
following cartesian coordinate systems are defined (Figure 6.1):

• The world coordinate system (CS)
W

, a space fixed coordinate system and origin
coordinate system for the robot’s base coordinate system. It is defined by default in
the foot of the robot arm.

• The base coordinate system (CS)
B

, usually a fixed coordinate system, defining the
position of the mounting tower in the present setup relative to the (CS)

W

.
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• The flange coordinate system (CS)
F

is located at the end of the flange of the robot
wrist (last joint in the arm).

• The tool coordinate system (CS)
T

, is a coordinate system which lies in the working
point of the tool. In the present application it is a specimen specific coordinate
system which is defined in the geometric center of the specimen.

Furthermore, the force-torque sensor also has an independent sensor coordinate system
(CS)

S

, which defines the directions and position of the measured force and torque vector:
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The elements of the force and torque vector correspond to the forces (f) and torques (t)
along and around the axes of (CS)

S

.
Using appropriate transformations, the sensor coordinate system can be transferred to
coincide with robot-specific coordinate systems such as the tool coordinate system to then
capture the loads in the tool coordinate system. The force vector was transformed from
(CS)

S

to (CS)
T

:
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with
(T)

p

S

as the position vector of the (CS)
S

origin.

6.1.3 Control architecture

A central part of the test setup is the force-torque control of the robot system. The
integration of this technology using the packages provided by the manufacturer enables a
simple activation and control of the force-torque control via the KUKA Robot Language
(KRL) based robot scripts. The controller architecture for the sensor signal processing was
designed using the Kuka’s own graphical programming environment RSI Visual (v1.1.0.0,
Kuka AG, Augsburg, Germany). A data flow (RSI context) was created using so-called
RSI objects. An RSI object executes a certain functionality (i.e. addition, coordinate
transformation) with its signal inputs and provides the result at the signal outputs. By
interconnecting di↵erent objects, selected from a wide range, an RSI context was created to
implement the force sensor data into the robot control which could then be loaded within
the robot scripts. Within the robot script the data processing for the force-torque control,
running parallel to the program flow of the robot control, can be switched on and o↵,
depending on whether force-torque data is required or not [75]. Within the RSI context,
Ethernet communication with the peripheral computing unit was also implemented to
allow for external data recording or processing. For this purpose, an Ethernet object is
available in RSI with which up to 64 input and output signals can be processed. The
signals present at the inputs of the Ethernet object were sent to the peripheral processing
unit. Data received from the peripheral processing unit were available at the outputs
of the Ethernet object and made available for the RSI context. The communication
between sensor, robot controller and peripheral processing unit was achieved via a real-
time Ethernet connection. The data transmission was realized via a UDP/IP protocol.
This allowed a complete signal processing in maximum 4 ms i.e. within one sensor cycle.
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6 In-vitro analysis of the balancing capacity of the human knee in arthroplasty procedures

The influence of sensor data on the robot movement was realized within the RSI context.
During an Ipo (input-process-output) cycle of the robot a Cartesian position correction
can be calculated and add to the current target position. The movement corrections are
added up, continuously. The new robot position is then calculated based on the displace-
ment of the starting position and the correction value. The system allows to superimpose
the sensor correction with a programmed path based movement of the robot. Depending
on the testing protocol, the tool or base coordinate system can serve as the reference co-
ordinate system for the correction.
The control architecture of the force-torque control consists of di↵erent elements (Fig-
ure 6.3). The forces f

act

are measured via the force-torque sensor at the end e↵ector of

Robot (Pos.
Controller) Environment

f/t-Controller

Workspace Limitation

Overload Protection

f/t-SensorGravity
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des
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Figure 6.3: Force-torque (f/t) controller architecture of the robot based knee simulator.
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with g beeing the gravitational acceleration,
(S)

f

S

,
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S

the forces and torques recorded
by the f/t-sensor and

(S)

f

S

,
(S)

t

S

the forces and torques caused by the gravitation of the
mounted tool. In the further course, the corrected forces and torques are transformed
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into the tool coordinate system and further processed using a low-pass filter (PT
2

filter).
The control error is then calculated between the desired load f

des

and the measured load
f

mes

. The subsequently operated force-torque controller contains a proportional and a
integrational element which convert the control di↵erence into an incremental correction
of the position u . In the following, the incremental correction is limited to a maximum
acceptable threshold. The di↵erence between the target position x

des

and the position
correction u is passed on to the robot with integrated position control, which then influ-
ences the environment by moving to the calculated position x . In addition, further safety
precautions have been implemented: a work-space limitation restricts the approachable
working points of the robot to a volume in the direct vicinity of the specimens to be tested.
Exceeding this defined working area triggers a stop of the robot. The integration of a load
monitoring also protects against the destruction of a mounted specimen on the one hand
and against major damage to humans and the machine in the event of an undesired colli-
sion on the other. In case the load measured in the tool coordinate system (CS)

T

exceeds
a threshold value, the robot will stop its movement within 4 ms.

6.1.4 Robot scripts

The scripts to program the robot are implemented in the Kuka Robot Language (KRL).
The scripts can be loaded and executed directly on the operating system of the robot.
Within the program scripts the RSI context is implemented by means of a syntax, in which
the signal processing of the force-torque sensor, the control architecture and the Ethernet
communication with the peripheral computing unit is realized. The parametrization of
the RSI context is done via KRL command lines that can be used to adapt individual
attributes of the RSI objects. Furthermore, the processing of the RSI context can be
activated and deactivated in the program sequence.

The programmatic implementation of the test protocols for biomechanical investigations
of a human knee joint by use of the robot-based knee simulator can be divided into three
program steps: specimen mounting, calculation of the geometric rotational center of the
knee joint and biomechanical testing of the knee joint. These program steps are explained
in more detail in the following:

Specimen mounting

For biomechanical examination of a knee joint, the femoral side of the specimen is attached
to the mounting tower. With execution of the script for mounting the specimen, the robot
performs a point-to-point (PTP) movement in the (CS)

S

to a programmed position that
is in close proximity to the tibia of the specimen. The robot is then attached to the tibial
side of the knee joint. In order not to damage the knee joint, a force-torque controlled
attachment of the robot was realized. This is done by means of a force-torque sensor based
motion without further path specifications to the robot. The system is parametrized with
a force torque specification of 0 N and 0 Nm in (CS)

S

. In addition, three translational
DOFs as well as the rotational DOF around the y-axis are unconstrained. To constrain
individual DOFs, the proportional gain for the corresponding direction is set to 0. After
activating the force-torque control by switching on the RSI context, the user is able to
manipulate the end e↵ector of the robot in order to mount the specimen on the robot.
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The program sequence ends after the specimen has been coupled with the robot and the
RSI context has been deactivated.

Geometric rotational center of the knee joint

A specimen-specific coordinate system is essential in order to be be able to apply de-
fined loads acting in the knee joint. A coordinate system based on anatomical landmarks
is appropriate for this purpose. For the knee joint, the geometric rotation center is the
best suitable location, as for a physiologic loading of the joint, forces and torques must be
measured relative to the geometric center of the knee joint.

This was realized by a corresponding shift of the (CS)
T

into the geometric center of rota-
tion. The geometric center of rotation was estimated by successive, force-torque controlled
movements of the knee joint with respect to in flexion rotation (around the

(T)

z-axis),
varus-valgus rotation (around the

(T)

y-axis) and internal-external rotation (around the

(T)

x-axis) with simultaneous application of an axial centering force of 20 N (along
(T)

x).
The rotations around the individual axes were applied until 20° of rotation or a torque of
5 Nm was reached. The forces and torques in all other DOFs were controlled to 0 N and
0 Nm. The control was performed in the Tool Coordinate System which was first shifted
to the estimated position c

0

of the rotational center.

The positions of (CS)
T

with respect to (CS)
W

were sent online to the peripheral computing
unit via the RSI context. Using the developed software environment, the this position data
were temporarily stored. Once the movements performed by the robot were complete, the
center of rotation was calculated. This is defined as the point relative to the tibia that
moves least during the movements. It can be calculated by minimizing the Euclidean
distance of the given set of n positions
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as the initial guess of the vector describing the position of the center of ro-
tation relative to the (CS)
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. After transformation
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minimization function:
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For e�ciency reasons, the calculation is performed using a Matlab routine integrated into
the LabVIEW code. The output of (6.6)

(W)

x

min

is then transformed back to (CS)
T

, in
order to obtain the vector

(T)

x

min

which represents the desired shift of the tool coordinate
system into the geometric rotational center of the joint. This vector is then transferred
from the computer to the robot via the Ethernet interface. The robot script ends with the
redefinition of the tool coordinate system after completion of the transfer of the calculated
displacement.
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Scripts for biomechanical joint testing

The robot script for the biomechanical testing of the knee joint was divided into a head
script, modules and subprograms for reasons of clarity, structuring and e�ciency. The
head script H knee() contains the complete user communication and parametrization of
the test sequences. The module m knee() contains the parametrization of the robot, the
sensor and the force-torque control as well as the programmatic implementation of the
individual test sequences. The module m move() contains the program structures, which
are responsible for a renewed run (playback) of the robot movement after a test increment
(Figure 6.4).
The head script (H knee()) is used to communicate with the user via a dialog that

Figure 6.4: Flowchart showing the general structure of the program script used for the
robot based biomechanical investigations of the human knee joint.

is realized by means of a graphical user interface on the Smart Pad of the robot. The
parametrization of the test procedure is therefore carried out by a systematic query of test
parameters relevant for testing. The query of the test sequence allows for the selection of
a pre-programmed sequence for joint testing including the most important test directions
are examined in flexion angles between 0° and 90°. In addition to the pre-programmed
sequence, the user has the option of individually configuring a script. The user can select

43



6 In-vitro analysis of the balancing capacity of the human knee in arthroplasty procedures

from a list of load scenarios and robot movements and assemble these into a series of test
steps.

By executing m knee() the robot performs a corresponding force-torque controlled move-
ment. In case the movement is a load test and not a pure instruction to change the flexion
position, additionally to the module m knee(), the module m move() is executed before
the the next iteration.

In the module m knee(), the joint load is implemented according to the load type and
direction selected in the head script. There are many test modes which can be selected via
H knee() (Table 6.1). While for the test modes applying a test load a pure force-torque
control is active, the torque-based loads are carried out with a hybrid control, where beside
the torque to be applied a programmed robot movement in the same direction is applied to
keep the angular velocity constant until the target torque is reached. With the initiation

Table 6.1: Overview of the testing modes that can be applied on the knee joint for biome-
chanical testing. Type of test mode, loading condition in the single directions
and degrees of freedom (DOFs) of the loading condition are shown for each
case. Furthermore the movement task of the robot for the rotational testing
modes is given.

Loading condition / N

Test mode X Y Z A B C DOF Movement task

No loading 0 0 0 0 0 0 6 -

Centering 20 0 0 0 0 0 5 -

Anterior translation 20 134 0 0 0 0 5 -

Posterior translation 20 -134 0 0 0 0 5 -

Medial translation 20 0 -134 0 0 0 5 -

lateral translation 20 0 134 0 0 0 5 -

Compression 200 0 0 0 0 0 5 -

Distraction -200 0 0 0 0 0 5 -

Extension 20 0 0 -5 0 0 5 -A

Flexion 20 0 0 5 0 0 5 A

Varus Rotation 20 0 0 0 10 0 4 B

Valgus rotation 20 0 0 0 -10 0 4 -B

Internal rotation 20 0 0 0 0 5 4 C

External rotation 20 0 0 0 0 -5 4 -C

Extension 0 20 0 0 0 0 0 4 -A

Flexion 0 20 0 0 0 0 0 4 A

Internal rotation 0 20 0 0 0 0 0 4 C

External rotation 0 20 0 0 0 0 0 4 -C
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of the robot movement, the joint is loaded according to the parametrization via the test
mode. The robot motion ends when the desired load or motion is reached.

The head script is also used to optionally call m move() after execution of the module
m knee(). This script is used to backtrack the movement made with m knee() to get to
the joint position that was set before loading the joint. The robot movement in this case
is purely position controlled, with simultaneous monitoring of forces and torques to detect
a possible load causing damage to the joint and to abort the movement, if necessary. The
robot moves along the motion path of the previous task back to the starting position.

6.1.5 In-vitro investigation of the knee laxity in dependence on the

soft-tissue situation

The laxity of the joint is expressed in the form of translations and rotations as a result
of an applied load along or about a single DOF. In this way, in-vitro examinations were
performed with regard to the total knee arthroplasty. First, the laxity of the knee joint
between the individual preparation steps necessary for the implantation of the prosthe-
sis was analyzed using an in-vitro approach. In addition, various ligaments and capsule
structures were successively detached and the joint was tested for stability to evaluate the
contribution of individual soft-tissue structures to joint balance. In di↵erent release paths,
di↵erent primary stabilizers of the joint were completely released. Due to this irreversible
adaptions of the knee joint during testing and the limited number of available joint speci-
mens, only a limited number of release sequences could be tested. 24 human cadaver knee
specimens were obtained for the study (ScienceCare, Phoenix, AZ, USA). The mean age
of the donors was 71± 7 years and had a mean BMI of 28± 4 . The donors had no knee
joint surgery or disease in their medical recordings. The cadaveric knee joints were stored
at -22 °C. For biomechanical analysis the specimens were thawed for 24 hours at room
temperature prior to testing. Specimens were biomechanically investigated by use of the
in-vitro test setup (section 6.1).

Specimen preparation and mounting

In order to examine human knee specimens, they were prepared for testing as described in
the following. When delivered, the specimens had a total length of approximately 60 cm;
30 cm were assigned to the femoral and the tibial side of the knee joint respectively. To be
able to integrate the joints into the knee simulator, the joint ends needed to be prepared
and embedded in brass cylinders. For this purpose, the muscle tissue was carefully re-
moved from both sides at a distance of about 15 cm from the joint line and the bones were
exposed. Ligamentous and capsule structures remained intact. The fibula was not needed
to attach the femur to the robot. Accordingly, the fibula was fixed to the tibia 15 cm
distal to the joint line with a screw and the remaining part of the bone was resected. The
exposed bones were then freed from fat and fluids and embedded in brass cylinders using
a cold curing three component resin (Rencast FC 52/53 Isocyanate, Polyol FC 53, Filler
DT 982, Huntsman Corp., The Woodlands, USA). The cylinders were axially aligned with
the longitudinal bone axis using an embedding device before the cylinders were filled with
resin.

After the resin was cured, the specimens were attached to the experimental set-up. First,
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the femoral end of the specimen was aligned and attached to the mounting tower. The
femoral brass cylinder was placed in a cylindrical recess on the mounting tower and the
knee joint was aligned before it was rigidly fixed by means of compressive screws. To
align the joint, the specimen was moved with a hand-guided flexion from extension to 90°
flexion. The flexion axis of the knee joint was then manually aligned parallel to the z-axis
of the (CS)

B

. To attach the tiba to the robot, the joint was put in extension and the robot
was guided to the specimen by use of a active force-torque control and manipulation at
the end e↵ector by the user. The robot’s mounting adapter also had a cylindrical recess in
which the tibial side of the specimen was clamped. The use of force-torque control allowed
the specimen to be mounted to the robot without any significant load being applied to
the joint.

Testing conditions and protocol

The knee joints were tested at 0°, 30°, 60°, and 90° of flexion by subjecting the joint
to seven loading cases: inferior, anterior and posterior force as well as varus, valgus, in-
ternal and external torque as described in Table 6.1. Prior to applicating the loading
scenarios, a pure axial compressive load (Table 6.1) was applied while forces in the re-
maining five DOFs were minimized, to ensure tibiofemoral contact and a neutral resting
position. Forces, torques, translations and rotations were recorded for each loading case.
This test sequence was repeated for each specimen condition.

All joints were first tested in physiologic condition. The mean laxity of the joint was then
determined for all flexion positions and loading conditions. The 24 specimens were then
divided into four groups (six specimens per group, Figure 6.5). In order to obtain ho-
mogeneous groups with similar laxity distribution, the allocation of the specimens to the
groups depended on the mean laxity. After completion of the grouping, the specimens were
tested successively according to the sequence paths assigned (Figure 6.5). Thus, besides
the physiological condition each of the specimens was examined in six further conditions,
whereby the groups di↵ered in only three conditions. The first three conditions (surgical
approach, menisci resection, ACL release) were the same for all specimens.

Soft-tissue resection and release procedures

In order to investigate the influence of individual anatomical structures on joint stability,
preparation methods had to be found that made it possible to transect individual tissue
structures without a↵ecting adjacent structures. Furthermore, it was important to ensure
that the individual preparation steps were oriented as closely as possible to the operative
procedure for implanting a knee prosthesis. The preparation steps performed are explained
in more detail below.

• Opening of the joint: Amedial surgical approach was chosen for the examinations.
First, a central skin incision was made in superio-inferior direction, starting about 8
cm above the patella, centrally across the patella up to the medial side of the tibial
tuberosity. The incision was made into the deep fascia and subcutaneous fat tissue
to expose the quadriceps tendon proximally. A medial parapattelar approach was
used to further open the joint. The incision was made along the medial edge of the
quadriceps tendon up to the patella, further along the medial edge of the patella,
and running out about 5 cm in a distal direction medially to the patellar tendon.
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Group 1 Group 2 Group 3 Group 4

ns=24

ns=6 ns=6 ns=6 ns=6

sMCL release dMCL release LCL release PCL release

M. capsule release M. capsule release L. capsule release L. capsule release

PCL release PCL release PCL release M. capsule release

Distribution by laxity

Physiologic joint

Menisci resection

Surgical approach

ACL release

Figure 6.5: Soft-tissue resection and release sequences analyzed in the in-vitro study. The
distribution of the specimens in four groups with di↵ering sequence paths is
shown (ns= number of specimens).

This incision provided access to the joint space. To prepare for further access, the
infrapatellar fatpad was partially resected.

• Resecting the lateral and medial meniscus: To remove the menisci, the anterior
menisci attachment sites were first detached. In the further course of the procedure,
incisions were made to cut the meniscus attachments next to the surrounding cap-
sular apparatus from anterior to posterior. With the help of bone rongeur forceps,
the meniscus could be tensioned in anterior direction in order to loosen the posterior
attachment of the menisci. The two menisci were then removed from the joint space.

• Release of the ACL: The tibial attachment of the ACL was loosened directly on
the bone surface. In order to be able to more easily access the ligament, the joint
was brought into 90° flexion.

• Release of the PCL: For the release of the PCL, the joint was brought into 90°
flexion and the femoral attachment site of the ligament was detached close the bone
surface.

• Release of the sMCL: The superficial medial ligament is attaches far inferior on
the tibia. In order to obtain a clear view of the ligament, the anterior attachment of
the joint capsule on the tibial side was first split by a longitudinal incision of about
3 cm in length in the middle, starting from the anterior edge of the tibial plateau
in the direction of the tibial tuberosity. The medial capsule attachment was then
carefully released along the edge of the tibia plateau until a clear view of the sMCL
was possible. The ligament was then cut with a transverse incision.
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• Release of the dMCL: Similar to the release of the sMCL, a longitudinal incision
of the anterior tibial joint capsule was first made in order to then carefully loosen
the joint capsule at the edge of the tibia plateau in a medial direction. With a clear
view to the MCL, the attachment of the dMCL was first palpated directly at the
edge of the tibia plateau, before the ligament was carefully loosened directly at the
bone attachment. To palpate the ligament, the joint was brought into extension and
a slight valgus stress was exerted on the joint. This made it possible to detect the
ligament unambiguously.

• Release of the LCL: The LCL was initially palpated by a slight varus stress in
the extension position. The ligament was then traced in the direction of the femoral
attachment, within the joint capsule, and cut with a transverse incision.

• Release of the posterior medial capsule: At the beginning, the medial femoral
condyle was identified from dorsal side. Afterwards, a 4 cm skin incision was made
from the medial femoral condyle towards the medial epicondyle. The subcutaneous
tissue was then carefully disected until the synovial recess was visible. A 2 cm
medio-lateral incision was made on the posterior medial capsule.

• Release of the posterior lateral capsule: The incision of the lateral capsule was
performed according to the descriptions of the release of the posterior medial capsule
on the lateral side.

Statistical analysis

Statistical analysis of the data was performed using the software environment R (ver-
sion 3.3.2, R Foundation for Statistical Computing). Di↵erences between groups were
analyzed by utilizing a repeated-measures analysis of variance, with specimen condition
and flexion angle as the relevant factors. Significant findings were further analyzed with
Tukey’s post hoc test. The significance level was set to ↵ = 0.05. For relevant data, means
with standard deviation (SD) are presented. Box plots were used to visualize the results:
Whiskers represent the lowest and highest values within the 1.5 times inter quartile range
of 1st and 3rd quartile, respectively. Dots represent outliers, defined as values beyond the
whiskers.

6.2 Results

Flexion contracture was found in two of the specimens examined. These specimens were
assigned to group 4 in the further course of the experiment. Until the release of the lateral
capsule, these specimens could only be examined in 30°, 60° and 90° flexion.

6.2.1 Physiologic joint laxity in dependence on flexion angle

The post-hoc analysis revealed significant di↵erences for the anterior joint laxity between 0°
flexion and all other investigated positions 30° (p<0.001), 60° (p<0.001) and 90° (p=0.001),
(Table B.1). The anterior laxity at 30° flexion was also significantly di↵erent from the
anterior laxity measured at 90° flexion (p<0.001).
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For posterior joint laxity, no significant di↵erences between the flexion angles could be
observed (p=0.082) (Figure 6.6).
The examination of inferior joint laxity (joint distraction) revealed significant di↵erences

Figure 6.6: Box Plots showing the anterior (left) and posterior (right) laxities of the knee
joint from 0° to 90° of flexion. Presented are the data of four di↵erent testing
conditions: physiologic, after surgical approach, after resection of the menisci,
after resection of the menisci and the ACL.

for inferior translation and coupled varus-valgus rotation, which occurs when an inferior
load is applied. For inferior translation between 0° flexion and all other investigated
positions there were significant di↵erences (p<0.001). Furthermore, di↵erences between
30° and 60° (p=0.045) as well as 30° and 90° (p=0.002) flexion were observed. The coupled
varus-valgus rotation due to an inferior force at 0° flexion di↵ered from the laxity values
in 60° (p=0.005) and 90° (p<0.001) flexion. Furthermore, the laxity values at 30° flexion
di↵ered from those at 90° flexion, significantly (p<0.001) (Figure 6.7).
For varus laxity there were significant di↵erences between all flexion angles tested (all

p<0.002). Significant di↵erences between the flexion angles could also be observed for
valgus laxity. Thus the laxity values measured in 30°, 60° and 90° di↵ered from those
measured in 0° flexion (all p<0.001)(Figure 6.8).
Similar results could be found for the internal and external rotation. In both directions
the laxity values at 0° flexion di↵ered from those at 30°, 60° and 90° flexion (all p<0.001)
(Figure 6.9).
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Figure 6.7: Box Plots showing the inferior joint laxity. Translations (left) and coupled
varus-valgus rotations (right) of the knee joint from 0° to 90° of flexion are
shown. Presented are the data of four di↵erent testing conditions: physiologic,
after surgical approach, after resection of the menisci, after resection of the
menisci and the ACL.

6.2.2 Joint laxity in dependence on soft-tissue condition

The laxity of the knee joint did not change significantly in any of the investigated di-
rections due to the placement of the surgical approach (p>0.16), (Table B.2). Only the
removal of the menisci had an influence on joint laxity (Table B.3). Compared to the
physiological joint the laxity increased in anterior direction by up to 3.2± 4.1 mm in 90°
flexion (p<0.001), in inferior direction by up to 1.1± 1.7 mm in 90° flexion (p=0.02), and
in internal rotation by up to 20.6 ± 17.6° also at 90° flexion (p<0.001). The removal of
the ACL significantly increased the laxity of the knee joint compared to the physiological
joint: by up to 10.0 ± 8.7 mm (p<0.001) in anterior direction and 30° flexion, by up to
1.2± 3.0 mm in 90° flexion (p<0.001) and up to �3.6± 4.4° (p=0.02) in inferior direction
and 60° flexion, up to 4.6 ± 5.9° in 90° flexion (p=0.008) in valgus rotation, and up to
21.6± 16.7° (p<0.001) in internal rotation in 60° flexion (Table B.4). If one compares the
laxity values after meniscus resection with the values after the additional resection of the
cruciate ligament, only in the anterior direction the laxity increased significantly by up to
7.0± 9.7 mm in 30° flexion (p<0.001) (Table 6.2).
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Figure 6.8: Box Plots showing the varus (left) and valgus (right) rotation laxities of the
knee joint from 0° to 90° of flexion. Presented are the data of four di↵erent
testing conditions: physiologic, after surgical approach, after resection of the
menisci, after resection of the menisci and the ACL.

Group 1 resection sequence

None of the resection states (1. sMCL release, 2. medial capsule release, 3. PCL release)
had a significant influence on anterior joint laxity (p>0.26), (Figure 6.10). Resection of
the sMCL and subsequent resection of the medial capsule also had no e↵ect. Only after
resecting the PCL, the posterior laxity increased significantly compared to all previous re-
sections (all p<0.001). In all other directions no significant di↵erences could be observed
between the investigated configurations with p values for the inferior laxity greater than
0.47 for the translations, and 0.68 for the coupled varus-valgus rotations (Figure 6.11), p
values for the varus and valgus laxity greater than 0.99 and 0.55 as well as p values for
the internal and external rotation laxity greater 0.26 and 0.47 (Figures 6.12, 6.13).

Group 2 resection sequence

In group 2 none of the investigated resection states (1. dMCL release, 2. medial capsule
release, 3. PCL release) showed a significant influence on anterior joint laxity (p>0.34),
(Figure 6.10). With regard to posterior laxity, resection of the dMCL and subsequent
resection of the medial capsule showed no influence. Similar to group 1, posterior joint
laxity increased significantly with PCL dissection compared to all previous resections (all
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Figure 6.9: Box Plots showing the internal (left) and external (right) rotation laxities of
the knee joint from 0° to 90° of flexion. Presented are the data of four di↵erent
testing conditions: physiologic, after surgical approach, after resection of the
menisci, after resection of the menisci and the ACL.

p<0.001), (Figure 6.10). While the inferior laxity, varus laxity and the internal rotation
laxity of the joint did not di↵er significantly between the states (p>0.12, p>0.15, p>0.21),
the valgus rotation showed significantly di↵erent values after transection of the PCL com-
pared to the joint state after removal of menisci and ACL (p=0.015), (Figures 6.11, 6.12,
6.13). Furthermore, the external rotation laxity values were increased after resection of
the dMCL (p=0.002) and subsequent resections of the medial capsule (p<0.001) and the
PCL (p<0.001) compared to the state after transecting the ACL (Figure 6.13).

Group 3 resection sequence

Also in group 3 there were no significant di↵erences between the examined resection states
(1. LCL release, 2. lateral capsule release, 3. PCL release) for the anterior laxity (p>0.54).
When considering posterior laxity, resection of the LCL and subsequent resection of the
lateral capsule had no significant e↵ect. Only cutting the PCL significantly increased
joint laxity compared to the state after ACL resection (p=0.029), (Figure 6.10). For infe-
rior joint laxity there was a tendency towards an increased translation after resecting the
LCL (p=0.066) and a significant increase in translation after cutting the PCL (p=0.013)
compared to the joint condition after cutting the ACL (Figure 6.11). Also the coupled
varus-valgus rotation during the inferior laxity test shifted towards varus after resecting
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Table 6.2: Di↵erences in laxity comparing the native knee with the joint after menisci were
resected and ACL was cut for all directions which showed significant di↵erences
between joint conditions.

Di↵erences in translations and rotations (mean ±SD)

Flexion /
deg

Anterior /
mm

Inferior /
mm

Inferior /
deg

Valgus /
deg

Internal /
deg

0 4.1± 5.2 0.6± 0.9 0.7± 1.3 2.3± 1.9 9.3± 8.8

30 10.0± 8.7 0.9± 1.6 2.3± 2.6 3.8± 3.5 19.1± 15.4

60 8.8± 8.6 0.9± 2.4 3.6± 4.4 3.7± 3.3 21.6± 16.7

90 7.5± 7.5 1.2± 3.1 3.1± 6.0 4.6± 5.8 21.3± 17.5

the lateral capsule (p=0.001) which was maintained after further resection of the PCL
(p=0.002), (Figure 6.11). Similar changes could also be observed for varus laxity. After
cutting the lateral capsule the joint laxity increased significantly (p=0.016) compared to
the joint condition after transecting the ACL. The subsequent resection of the PCL then
again increased the varus laxity compared to the state after cutting the ACL (Figure 6.12.
For the valgus, internal and external rotation laxity there were no significant di↵erences
between the investigated states (p>0.99, p>0.23, p>0.57) (Figures 6.12, 6.13).

Group 4 resection sequence

None of the investigated resection states (1. PCL release, 2. lateral capsule release, 3.
medial capsule release) had a significant influence on anterior joint laxity (p>0.17). The
joint condition after cutting of the PCL showed an increased posterior laxity compared
to the condition after transecting of the ACL (p=0.043), (Figure 6.10). With regard to
posterior laxity, resection of the lateral capsule showed a significant increase compared to
the joint condition after ACL release (p=0.003), (Figure 6.10). The subsequent resections
of the medial capsule showed only a tendency to increased laxity compared to the joint
condition after ACL release (p=0.064). For the inferior, varus, valgus as well as internal
and external rotation laxities, no di↵erences between the states could be observed (p=0.89,
p=0.83, p=0.057, p=0.18, p=0.82) (Figures 6.11, 6.12, 6.13).

6.3 Discussion

In order to gain a basic understanding of the change in joint balance and laxity in knee
arthroplasty procedures this study aimed to analyze the knee joint restraints with respect
to flexion angle and soft-tissue condition in the seven most important loading directions by
use of a robot based knee simulator. With regard to soft-tissue balancing we also aimed to
analyze the influence of single ligament structures on the joint laxity to better understand
balancing steps necessary to restore the native knee joint laxity as well as possible. To my
knowledge this is the first study to systematically analyze the change in joint balance as
a result of individual surgical steps necessary for implantation of a knee prosthesis.
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The translations and rotations measured with the robot system are comparable to the
laxity values described in the literature. This is shown by the comparison with the data
determined in the meta-analysis for native joint laxity (chapter 5). The data measured
in-vitro were almost exclusively within the standard deviation of the values from the
meta-analysis. Only two values: the varus rotation in 90° flexion and the valgus rotation
at 0° flexion were 2.4° and 1.2° below the mean values of the meta-analysis. These minor
deviations may be explained by di↵erences in the mean varus-valgus knee alignment of
the specimens within the investigated cohort, compared to the data included in the meta-
analyis.

The in-vitro investigations showed a strong dependence of laxity on the flexion angle in
the physiologic knee joint, and thus further support the results from the meta-analysis.
After opening of the joint, resection of the menisci and transecting of the ACL, these
di↵erences remained or were further amplified. The flexion gap, which could be evaluated
by the examination of inferior joint laxity, showed similar results for both translation and
coupled varus-valgus rotation with distraction of the joint between 0° and 90° flexion.

Surgical techniques such as gap balancing, which aim to homogenize joint laxity over the
entire range of motion, ignore these strong variations in laxity and joint space. Conse-
quently, such a technique requires a strong adaptation of the soft-tissue envelope especially
in 0° flexion. This findings are supported by investigations of Gu et al. on virtual bone
models comparing four di↵erent mechanical alignment techniques [78]. Balancing the joint
tension in 0° and 90° flexion, therefore, involves the risk of balancing the joint in flexion too
tightly, which according to Ghosh et al. results in movement restrictions for the patient
and a joint with unnatural function and kinematics [72]. Recent clinical studies have also
shown that the use of a kinematic alignment technique that takes greater account of the
natural joint restraints of the knee leads to better pain reduction, function, restoration of
the patellar kinematic, joint flexion, and a perceived more natural knee [56, 172, 120].

The current study showed that the re-examination of joint laxity after the joint was pro-
vided with a medial approach to the knee joint revealed no change compared to the healthy
joint in any of the investigated directions. It has been demonstrated that, the retinac-
ulum and other anteromedial capsule structures have exclusively a stabilizing e↵ect on
the patellofemoral joint, the stability of the femorotibial joint remains una↵ected by these
structures even in flexion. The evaluation of joint laxity is performed intra-operatively
with the opened knee joint by the use of tools that support the surgeon in adjusting the
soft-tissue tension. An influence of the surgical approach via the temporarily weakened
structures on the joint stability would make the balancing process considerably more dif-
ficult, since the soft-tissue situation could only be estimated after closing the knee joint.
The results of these investigations support the assumption that the intra-operative evalu-
ation process of joint laxity with the joint open is representative for the joint stability of
the knee joint in the closed state.

The removal of the menisci after opening of the joint showed a significant influence on
joint laxity in anterior direction as well as on internal rotation. In addition, the removal of
the menisci increased the joint space. These results are consistent with a clinical study in
4497 patients with primary ACL ligament reconstruction, which showed increased anterior
instability after resection of the medial meniscus [46]. Several biomechanical studies also
showed an increase in the anterior laxity of the femorotibial joint on specimens with
deficient ACL in which one or both menisci were removed [199, 252]. Wang and Walker
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showed the contribution of menisci to joint stability [233] in the context of a study on the
rotatory laxity of the knee. This is confirmed by the results of this work, showing increased
internal rotation (Figure 6.9). Reynolds et al. also showed the increase of the joint space
after removal of the menisci which is in accordance to our findings [199], (Figure 6.7).
In addition to removing the menisci, cutting the ACL, as required for the majority of
endoprostheses available today, increases joint laxity most in the anterior direction. This
confirms the function of ACL as a primary anterior stabilizer. The compensation of an
increased anterior laxity cannot be achieved by a corresponding balance of individual
ligaments because the ACL is the only primary stabilizer of the knee joint in the anterior
direction. Accordingly, this situation poses increased challenges to the implant and its
positioning (i.e. the anterior-posterior alignment of the femoral component), to provide
stability especially in joint flexion. Several studies described altered gait pattern of patients
after knee arthroplasty, which is essentially characterized by lower gait speed, reduced step
length, reduced knee flexion moment and a shortened stance phase, lower knee flexion
and a gait pattern generally described in the literature as quadriceps avoidance gait,
[207, 167, 23]. A very similar gait pattern is also described in patients with ACL injury
[205, 125]. Furthermore, the literature [5, 176, 211] often describes the occurrence of
flexion instability after joint arthroplasty. The loss of anterior stability, in particular the
unproportinal increase in laxity through knee flexion and the increase in internal rotation
laxity, may probably be decisive factors for the complications and changes in gait patterns
described above.

Theere are only two ways to influence the increased laxities in the anterior direction:
first, the adjustment of the implant geometry, such as the general design of the sagittal
shape of the condyles (single and multi radii) as well as the conformity of the tibial insert.
Second, the adjustment of the alignment of the prosthesis, for example with respect to
the posterior femoral condyles to address the disproportionate increase in laxity at higher
flexion angles, as well as the adjustment of the posterior tibial slope to counter the anterior
instability, on the other hand. The adaptation of these parameters influences not only the
anterior stability but also the stability and function of the joint in other directions. A
change in the sagittal condyle geometry, such as a posterior reinforcement of the natural
condyles, allows the reduction of joint laxity in flexion, but also unintentionally changes
the tension of the posterior cruciate ligament. Increasing the conformity of the tibial inlay
in relation to the femoral component also allows the reduction of the anterior laxity, but
might limit the internal-external rotational ability of the joint, can negatively influence
the maximum flexion of the joint and increases the risk of implant loosening due to the
increased mechanical load on the tibial inlay. In addition, although the removal of the ACL
showed the greatest e↵ect in the anterior direction and with respect to internal rotation
(Figures 6.6, 6.7), an increase in the asymmetry of the joint space was also observed
(Figure 6.9). These are further factors that are di�cult to compensate by the implant
design or implant alignment.

The results of this study suggest that a complete restoration of physiological joint laxity
can hardly be achieved with modern prosthesis designs, especially since very individual
adjustments of the implant geometry would be necessary for each individual knee in order
to balance the joint accordingly. In principle, there is a conflict in implant design between
a necessary conformity in one direction and the resulting unwanted restriction of knee
laxity in another direction. The application of modern alignment techniques, such as
kinematic alignment, which is based on the natural joint geometry in order to preserve
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6 In-vitro analysis of the balancing capacity of the human knee in arthroplasty procedures

the physiological joint laxity as well as possible, cannot compensate for the deficits of the
soft-tissue envelope described above. Furthermore, the reconstruction of the natural joint
laxity as accurately as possible also poses great challenges in terms of implant alignment
accuracy which can probably only be met by computer or robot-based systems.

Precisely because of the above described dissatisfaction of many patients with the ACL
sacrificing joint arthroplasty, the hope rests on a bi-cruciate retaining implant design.
Studies on such prosthesis designs have shown contradictory results in the past. While
some clinical studies reported superior results to ACL sacrificing designs [191, 190, 9],
other studies showed no better functional results of this prosthesis design [109, 77]. The
reason for this is not clear, but it is obvious that depending on the implantation technique
the positive e↵ect of the ACL obtained did not always manifest itself. Computer-assisted
surgical procedures that allow more accurate implant positioning, combined with a more
physiological implantation technique such as kinematic alignment, may in the future en-
hance the benefits of a bi-cruciate retaining design and possibly solve the problem of
anterior instability, especially as the results of this study showed that menisci influence
anterior laxity but only marginally compared to the ACL.

While arthrotic knee joints with a normal leg axis and no ligament or capsule contractions
do not require a balancing of individual ligament structures, this is di↵erent for complicated
joints with bony deformities or with contractures of ligament and capsule structures. In
these cases, an implantation of the joint prosthesis without significant intervention in
the soft-tissue structure is not su�cient. The further analyses of the joints in the four
resection groups yielded significant insights into the balancing of such joints, although
the specimens in the investigated cohort did not show these anomalies. Thus, for knees
with varus deformity, it was shown that a release of the superficial MCL, contrary to
the fears by some surgeons of a catastrophic increase in valgus instability, valgus laxity
increased relatively slightly, so that in the tested cohort of six specimens the increase
in laxity in this direction was not evaluated as significant. Similar results were found
for the deep MCL. Here, the increase in laxity was not evaluated as significant (Figure
6.12). Another study with a larger sample size found a significant increase in valgus laxity
of up to 6° for the resection of dMCL and sMCL [202]. In these studies, however, the
MCL was cut without prior removal of the menisci and the ACL as performed in this
thesis. The previous resection of the ACL already showed a significant increase in valgus
laxity, possibly altering the function of the medial structures. The contrary to expectations
small increase in laxity in valgus rotation is in line with the results of a prospective clinical
study in which knee arthroplasty patients with a complete and partial MCL release were
re-examined 6 and 12 months post-operatively. The authors conclude that transecting the
complete MCL is a safe procedure for soft-tissue balancing in knee arthroplasty and does
not lead to postoperative joint instability. Besides the varus-valugus laxity, the dMCL
showed a strong influence on the rotation laxity. In contrast to the sMCL, the release of
the dMCL leads to a strong increase of the external rotation laxity. This is in line with
an in-vitro study by Izawa et al. [101], and by the short ligament length compared to the
sMCL. To correct the soft-tissue situation as a result of varus deformity, the release of
the sMCL is, therefore, preferable to the dMCL in order to better maintain the rotational
stability of the joint.

To correct a valgus deformity, some research studies on soft-tissue balancing recommend
the partial or complete release of the LCL [238]. The results of the present study confirm
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a considerable increase of the varus laxity after release of the LCL by an average of 3° in
30° and 60° flexion and less than 2° in 0° and 90° flexion. Furthermore, the results showed
a tendency towards a general enlargement of the joint space during distraction of the joint.
An influence of the LCL on other DOF was not observed. Very similar results were found
by Coobs et al., in their biomechanical study, they reported an increase in varus laxity
of 3° resp. 3.3° at 30° and 60° of flexion and 1.5° resp. 1.3° at 0° and 90° of flexion after
sectioning the LCL [45]. This uneven increase in varus laxity, depending on the angle
of flexion, may contribute to mid-flexion instability, which frequently occurs in the knee
arthroplasty. This should be considered if a correction of valgus deformity is necessary.

The loosening of posterior capsular structures is generally favored to counter flexion con-
tracture [215]. The investigations in this study showed an influence of the posterior capsule
on the posterior joint laxity of the menisci and ACL deficient knees. This is shown by
the investigations in group 4 where the medial and lateral capsule were resected (Fig-
ure 6.10). In the other groups the influence of the posterior capsule structure was not
significant. This is probably due to the fact that in group 4 two specimens with flexion
contracture were included in which the e↵ect of the release is amplified by the contractile
structures. Consequently, an increase in anterior-posterior laxity can be expected in the
treatment of patients with flexion contracture. The preservation of the posterior cruci-
ate ligament, therefore, seems to be particularly important in these patients in order to
prevent instability of the joint, especially in flexion.

The posterior cruciate ligament is the primary stabilizer of the knee joint with respect to
posterior joint stability. This is confirmed by the investigations carried out in the context
of this study and is thus in line with the findings of Race and Amis who analyzed the
isolated release of the PCL in-vitro [193]. The influence of this ligament was observed in the
present study even after the numerous previous releases in the di↵erent release sequences.
In addition, the transection of the cruciate ligament increased the joint gap during joint
distraction. The PCL had a particularly strong influence on the release sequences in which
the sMCL or dMCL were previously released. Accordingly, destabilization in the posterior
direction after weakening of the medial structures appears to be completely compensated
by the PCL. This influence of the medial structures on the posterior stability only becomes
apparent with the release of the PCL. There are currently no comparable studies available.
Since the di↵erent release sequences were examined on di↵erent groups of specimens, an
influence of the samples cannot completely be excluded, so that this must be verified in
future experiments. Since posterior laxity, similar to anterior laxity, cannot be rebalanced
by adapting individual ligament structures, the PCL should be protected as well as possible
during surgery to preserve this.

The present study is subject to some limitations which are listed below:
First of all, it should be mentioned that the study is a laboratory investigation and some
di↵erences in laxity compared to human subjects cannot be completely ruled out. How-
ever, several comparative studies showed that the in-vitro analysis on cadaveric knees are
comparable with the measurements on living subjects [156, 218]. Accordingly, the results
of this study should be of clinical relevance. Nevertheless, the results of the analysis refer
exclusively to the passive stability of the knee joint. The stabilizing e↵ect of individual
muscle structures could not be considered. However, the intra-operative evaluation of knee
laxity also takes place under passivated muscle tone, so that these values can be compared
to a clinical setup. A further limitation is that the specimens are exclusively joints without
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or with mild arthrosis. In the current study, the influence of pathologic changes of the
joint structures due to severe arthrosis could not be considered in this study. Accordingly,
it cannot be ruled out that a pathological joint behaves di↵erently in the case of resection
of individual structures. Patients of older age with limited joint stability are one example.
Investigations in ths context are the goal of future investigations. In addition, di↵erent
specimens had to be used to examine di↵erent release sequences, as the soft-tissue releases
are destructive and irreversible changes to the joint were made. Although the grouping of
the specimens was performed in such a way that the distribution was as similar as possible
with regard to laxity and the overall number of specimens was high (24), an influence of
the specimen groups on the results cannot be ruled out, despite a sample size of N=6 per
group (1-4). It should also be mentioned that the measurement of the translations and
rotations via the robot system is also subject to errors due to the applied load. This was
evaluated in a series of tests with static weights and an external optical measuring system
(NDI Optotrak Certus). The measurements showed compliance of the robot and thus a
measurement error of 0.82 ± 0.22 mm with a load of 150 N on the end e↵ector. Within
the scope of the in-vitro study, an evaluation of the di↵erences in translation and rotation
as a result of a changed soft-tissue condition is carried out, therefore, these inaccuracies
can be neglected here.

In conclusion, the investigations in this study support a preference of the kinematic align-
ment technique over the gap balancing technique. The strong dependence of the knee
laxity on the flexion angle should be considered in order to preserve the natural joint func-
tion as much as possible. The evaluation of joint laxity with opened knee joint is adequate
for the purposes of joint balancing. Restoration of the soft-tissue function of the knee after
arthroplasty cannot be achieved with the kinematic alignment surgical technique alone.
The use of a prosthesis that maintains both cruciate ligaments is the only way to maintain
the anterior-posterior stability of the joint in balance. The compensation of the cruciate
ligament function solely through the prosthesis design and implant alignment is unlikely.
To correct varus deformity, MCL balancing appears to be a safe method. In order to
maintain rotational stability as much as possible, the transection of the sMCL should be
preferred to the dMCL. The correction of valgus laxity can be achieved by partially or
completely transecting the LCL, however, this may increase the risk of mid-flexion insta-
bility. When correcting an extension deficit by loosening the posterior capsule structures,
preservation of the PCL is particularly important to preserve posterior stability of the
joint.
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6.3 Discussion

Figure 6.10: Box Plots showing the anterior (top) and posterior (bottom) laxities of the
knee joint from 0° to 90° of flexion. Presented are the data of four di↵erent
testing groups with three di↵erent conditions tested in each group. Laxities
after resection of the ACL is provided for reference.
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Figure 6.11: Box Plots showing the inferior translation (top) and coupled varus-valgus
rotations (bottom) following the inferior laxity test of the knee joint from 0°
to 90° of flexion. The data of four di↵erent testing groups with three di↵erent
conditions tested in each group are presented. Laxities after resection of the
ACL is provided for reference.

60



6.3 Discussion

Figure 6.12: Box Plots showing the varus (top) and valgus (bottom) laxities of the knee
joint from 0° to 90° of flexion. The data of four di↵erent testing groups with
three di↵erent conditions tested in each group are presented. Laxities after
resection of the ACL is provided for reference.
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Figure 6.13: Box Plots showing the internal (top) and external (bottom) rotation laxities
of the knee joint from 0° to 90° of flexion. The data of four di↵erent testing
groups with three di↵erent conditions tested in each group are presented.
Laxities after resection of the ACL is provided for reference.
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7 Investigation of an in-silico model for laxity

analysis of the knee joint

The restoration of joint function as a result of arthrosis of the knee is the primary goal
in the knee arthroplasty. This includes on the one hand the replacement of the cartilage
surface and the correction of possible axial misalignments and on the other hand the adap-
tation of the surrounding soft-tissue structures. The development of e↵ective strategies
for the adaptation of the soft-tissue envelope poses a particularly major challenge since no
technical models exist that realistically represent the knee joint with its menisci, ligaments,
tendons and muscles. The application of in-vitro methods as described in section 6.1 is,
therefore, the only established possibility to investigate the function of single ligament
structures to an extent that otherwise invasive methods on patients would be necessary.
However, the in-vitro investigations on joint specimens are very limited due to high costs,
ethical concerns and the limited availability of the specimens. Furthermore, in-vitro in-
vestigations are only suitable for obtaining basic knowledge, a clinical application of the
methods in the sense of patient-specific analyses is not possible.

Computer simulation methods, which have become more and more important in recent
years, may be able to resolve these limitations. In-silico methods are theoretically only
limited by the available computing capacity. However, in practice, in-silico models are also
severely limited by the lack of patient-specific parameters and geometries. By combining
in-vitro findings such as the mechanical properties of individual soft-tissue structures (e.g.
ACL, PCL, LCL etc.) with geometric information obtained from medical imaging, subject-
specific models can be created that represent the functionality of the joint. In the past
years di↵erent numerical models have been developed to investigate the laxity of the joint
in di↵erent conditions [20, 70, 86, 89, 26, 79]. Most of these models are finite element
models, in which the subject-specific bone geometry and ligament structures were partially
reproduced. To date, only a few multi-body simulation models exist that have been
developed for similar investigations. However, Guess et al. could show in a comparative
study that investigations on joint laxity by means of a multi-body simulation can reduce
the simulation time by four times compared to a finite element simulation with the same
boundary conditions [80]. In addition, there are simulation platforms specially developed
for biomechanical questions with which a multi-body model can be easily extended by
further structures and joints.

Although some of the existing numerical models have been developed and described in
publications, the authors failed to prove their validity [20, 70, 11]. In other studies, model
validation was also described, but it is mostly limited to comparison with literature data,
only sporadic comparisons in individual directions and joint positions, or only based on
experimental data of one single subject [26, 59, 237]. Studies with proper one-to-one com-
parisons between simulation and experimental data on several subject-specific models are
sparse. However, if the aim is to develop a numerical model for the extension of experi-
mental trials or for clinical application, a detailed sensitivity analysis and validation in a
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7 Investigation of an in-silico model for laxity analysis of the knee joint

structured way as described in literature is essential [209]. Based on these simulation mod-
els described in the literature, the goal of the presented study was to develop a multibody
model for the subject-specific simulation of the joint laxity of the knee. The model was
evaluated on the basis of the existing in-vitro data with one-to-one comparisons in order
to supplement the in-vitro investigations on the function of individual ligaments carried
out in this thesis. On the other hand the simulation was created as a basis for a multibody
model which can later be used to support the surgeon in surgical planning with regard
to soft-tissue management of the knee arthroplasty. The objectives of these investigations
were thus:

• to develop a multi-body model to simulate femorotibial joint laxity in which the
essential anatomical structures and stabilizers of the knee are represented.

• to develop a work flow to transfer subject-specific information to an initially gener-
ated model.

• to investigate the sensitivity of the model by variation of individual model parame-
ters.

• to verify and validate the simulation model on the basis of literature data and the
results of in-vitro studies (section 6.2).

7.1 Materials and methods

In the following, the schema of the multibody simulation is described in general (sub-
section 7.1.1) before the knee model created in this thesis is explained in detail (subsec-
tion 7.1.5). Furthermore, the developed workflow for the generation of subject-specific
models is reported including the segmentation and processing of MRI image data, import
of subject-specific meshes and the approximation of ligament attachment sites by use of a
radial basis function based morphing algorithm (subsection 7.1.3). In subsection 7.1.4 the
methods used for the accuracy and sensitivity analysis are described. Finally the methods
used for validation of the model are presented.

The multibody knee model developed in this thesis was built in the Anybody software
environment (v.7.0, Anybody Technology, Aalborg, Denmark), a tool for musculoskeletal
modeling of the human body. The system’s own programming language Anyscript enables
object-based programming of complex multibody models based on anthropometric data of
the human anatomy. In addition to bones (rigid bodies), tendons, ligaments and muscles
can be represented according to their biomechanical behavior.

7.1.1 Mathematical description of the multibody system

In Anybody, the movements of the bodies are described in Cartesian coordinate systems.
The position (q i) and velocity (v i) of a body Si in space relative to a global coordinate
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The relations of the bodies to each other (joint) as well as their movements by kinematic
drives can then be determined by non-linear holonomic constraint equations

�(q , t) = 0 (7.3)

which are then solved numerically using a Newton-Raphson scheme. It should be noted
that the system must be kinematically determined for the solution. In order to obtain the
velocities and acceleration constraints of the bodies, the following velocity and acceleration
constraints

�
q⇤v = ��t and �

q⇤v̇ = �(q , v , t) (7.4)

must be solved, with �
q⇤ corresponding to the Jacobi Matrix of the constrained equations

regarding a virtual set of points q⇤ that correspond to the velocities (v). �t is the partial
deviative of the constraint equations and � the right-hand side of acceleration constraints,
containing position- and velocity-dependent terms with respect to time. Thus all posi-
tions, velocities and accelerations of the individual bodies are known.
The musculoskeletal models of the human body in most cases also consider the muscu-
lature because they are the main drivers of human movement. The joints are strongly
overdetermined by the many simultaneously acting muscles and to date it is unclear ac-
cording to which criterion the central nervous system of the human being decides on the
degree of activation of the individual muscles. In this case, the use of an optimization
criterion to counter this situation [48]:

argmin
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Z(f
M
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C

 
f

M

f

R

!
= d with C =

⇣
C

M

C

R

⌘
(7.6)

where Z is the objective function of the muscle forces f
M

of j modeled muscles with the
maximum muscle strength sj. The coe�cients matrix C all unknown muscle forces (f

M

and joint reaction forces f

R

) together with all known forces (applied loads and inertia
forces) d form the dynamic equilibrium. The objective function applied in Anybody is
based on the assumption that the human body always tries to minimize the maximum

65



7 Investigation of an in-silico model for laxity analysis of the knee joint

activation of the individual muscles, so function Z can be represented as follows [48]:

Z(f
M

) = max
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◆
. (7.7)

With the determination of all positions, velocities and inclinations from 7.4, 7.6 can be
set up. The left side of 7.6 can, therefore, be set up with the Newton/Euler equations of
all bodies i, which in this case are defined as
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g i describes all forces and torques acting on the center of mass of the object, mi the
mass of the body, I
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With this inverse dynamic model, the reaction forces in the joints and the forces in the
muscles can be calculated, but the joints are limited to a maximum of three rotational
and no translational DOFs. However, to predict the joint laxity of the knee, a model of
the femorotibial joint with six DOFs allowing to take translations and joint geometries
into account, is necessary. For this reason the model has been extended with the so-called
Anybody Force Dependent Kinematic (FDK) method in order to enable inverse dynamic
analysis to calculate the load-related motion in individual directions. For this purpose
some of the equations described above have to be extended. Furthermore, the theoretical
and mathematical considerations for the integration of this method are described in more
detail:

The method of the FDK is based on the assumption that the loading conditional move-
ments in individual degrees of freedom (FDK DOFs) are small movements ↵

FDK

and thus
dynamic influences can be excluded [12]. Consequently, a quasi-static force equilibrium
can be assumed to avoid temporal integration and the inverse dynamic model can be aug-
mented with an iterative approach (Figure 7.1). With this scheme, the positions in the
FDK DOFs are calculated so that forces in these DOFs are in static equilibrium for each
time step in the simulation [12]:
In the first, an initial guess of the joint position ↵

FDK

is used to run the inverse dynamic
analysis considering the assumptions of ↵̇

FDK

= 0 and ↵̈
FDK

= 0. For this, the descrip-
tion of the relationships between the bodies (7.4) must be extended according to the FDK
DOFs �

FDK

(q):

�
FDK

(q)�↵
FDK

= 0. (7.10)

Furthermore, the linear velocity equations (7.4) must be extended by the FDK DOFs:

�FDK,q⇤v = 0 and �FDK,q⇤v̇ = �
FDK

(q , v , t). (7.11)
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Figure 7.1: Schematic representation of the optimization cycle used to calculate the force
dependent kinematics of the knee model.

Now the coe�cient matrix including the component of the FDK residual forces can be set
up and (7.6) can be reformulated accordingly:
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The inverse dynamic analysis then returns the forces in the system including the residual
forces in the FDK DOFs.
The residual forces of the FDK DOFs form the input variable for the FDK solver. Using
a modified Newton-Raphson method with a golden line search a new ↵

FDK

is calculated
with the goal [12]:

f

FDK

(↵
FDK

) = 0. (7.13)

These iteration steps are repeated for a time step of the multibody simulation until a
corresponding ↵

FDK

is found or the iteration loop is terminated by an abort criterion.

7.1.2 Rigid-body knee model

The knee model developed in this work basically consists of five rigid bodies: three bones
(femur, tibia, fibula) and two menisci (left and right). Especially the two main segments
femur and tibia are surrounded and connected by numerous soft-tissue structures which
are modeled in the form of non-linear springs. Each segment was assigned a mass and a
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moment of inertia. The segments were positioned in relation to each other after a global
reference coordinate system and the segments’ own local coordinate systems were defined.
A further coordinate system was created to apply loads to the motion segment (Figure 7.3).
In this model, the fibula was firmly connected to the tibia and only serves to anatomically
map the distal attachment site of the LCL. The two menisci are also firmly connected to
the tibia. The geometric representation of the segments is realized by surface models of
the rigid bodies which were loaded into the Anybody system in the form of *.stl files. For
the bones, the geometries provided by the Anybody Repository (Twente Lower Extremity
Model 2.1,AMMR, v.1.6.2) were used first. However, the repository does not have any
meniscus models; for this reason, the generic surface models were replaced in a further
step with models of a cadaveric knee used in this study. These models were generated
from an image data set generated from magnet resonance imaging (MRI) sequences (see
subsection 7.1.3). The two menisci were also segmented in order to be able to represent
them in the simulation. In addition to the bones and menisci, the attachment sites of all
ligament structures represented in this model were also segmented. The coordinates of the
attachment sites were transferred to the model via reference frames. Since the ligaments
of the knee joint sometimes have a width of several centimeters, individual attachment
sites were divided into two or three reference frames in order to represent several bundles
of a ligament and thus also the spatial expansion of a soft-tissue structure and to take into
account the partly varying biomechanical function of a ligament. Accordingly, three fiber
bundles each (anterior, intermediate, posterior) were generated for MCL, dMCL, and LCL,
and two for ACL (anteromedial, mediolateral) and PCL (anterolateral, psteriomedial).
The mechanical properties of the ligament and capsule structures were implemented using
nonlinear springs. The ligament model of Blankevoort and Huiskes [28] was used which
has three di↵erent areas, including a slack region, a non linear force-strain relationship for
low strains and a linear relationship for higher strains.
Accordingly, the tensile force in the ligament f

Lig

is defined as:
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where k is the sti↵ness and ✏ is the strain in the ligament. The linear strain limit ✏
l

was set
to 0.03 [35]. In Figure 7.2 an exemplary force-strain behavior of a ligament with respect to
equation 7.14 is shown. The slack lengths l

0

of all modeled ligaments are being calibrated
prior to the simulation at reference positions.

The following table (Table 7.1) summarizes the modeled ligament and capsule structures
with their sti↵ness and the division into ligament fiber bundles: The modeling of a ligament
by a direct connection of two ligament attachment sites disregards the redirection of soft-
tissue structures frequently occurring in human anatomy by involved bone or cartilage
surfaces. Such redirections can be considerable in the human body and in many cases
have a major influence on the kinematics of a joint. In order to take such redirections into
account, individual ligament structures were extended with a wrapping model. Anybody
provides a kinematic measure in the form of a string for this purpose, which can be used
to calculate the shortest distance between two attachment sites, taking into account any
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Figure 7.2: Force-strain relationship for the modeling of the mechanical behavior of the
knee ligaments. f (Lig): ligament force; ✏: strain; ✏
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surfaces between them. This kinematic measure can be coupled with nonlinear spring
elements. The contact between string and surface is assumed to be friction-free. The
shortest distance of the string is achieved by establishing a static equilibrium, i.e. the
minimum potential elastic energy of the string. The contact between a surface and the
string is solved iteratively until the displacement of the ligament tends towards zero.
This kinematic measure can be realized with the imported surface models as well as with
simple geometric primitives (spheres, cylinders) available in the Anybody environment.
The wrapping over models (e.g. in STL format) as for example the bone models is on
the one hand very computationally complex and on the other hand strongly dependent
on the mesh size. For this reason, cylinder surfaces were generated in the knee model
for all bony structures over which the ligaments travel: A cylinder was placed in the
epicondyles on the femur side, with the cylinder axes parallel to the epicondylar axis and
radius corresponding to the posterior portion of the epicondyle. This cylinder serves to
deflect the posterior capsule structures. In addition, a further cylinder was placed in
the area of the intercondylar groove to be able to guide the anterior cruciate ligament
along the bone surface between the condyles if necessary. Two additional cylinders were
modeled medially and laterally at the level of the tibial plateau to physiologically redirect
the medial ligaments and the lateral ligament. In addition to the ligament structures, the
modeled joints create the connection between the rigid bodies. The model has a total
of twelve degrees of freedom. The femur as one of the two segments is firmly connected
to the global coordinate system and thus fixed in space. The tibia, fibula and the two
menisci are combined via the tibial segment and are thus firmly connected to each other.
Five of the six DOFs of the segment are controlled by the FDK, the remaining DOF was
equipped with a rotary driver to adjust the flexion position and movement of the joint by
providing the angular position and velocity.

In order to include the joint surfaces in the calculations, the knee model was extended with
surface contact models. The contact algorithm calculates the contact forces between femur
and tibia by limiting penetration to the penetration depth di of the meshes in contact [12].
The contact forces are calculated using a linear volume approximation. The penetration
volume Vi between two opposite triangles is calculated approximately using a cylinder
with the length di and the base area Ai. Together with a pressure module P assigned to
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Table 7.1: Summary of all modeled ligaments and capsule structures, presenting the divi-
sion of single ligaments into ligament fiber bundles and the sti↵ness values of
the structures.

Ligament/Capsule Fiber bundle Sti↵ness /
(N/mm)

sMCLa 30

Superficial Medial Lateral Ligament (sMCL) sMCLi 30

sMCLp 30

dMCLa 14

Deep Medial Lateral Ligament (dMCL) dMCLi 14

dMCLp 14

LCLa 30

Lateral Collateral Ligament (LCL) LCLi 30

LCLp 30

Anterior Cruciate Ligament (ACL)
amACL 75

plACL 75

Posterior Cruciate Ligament (PCL)
alPCL 102

pmPCL 102

Oblique Popliteal Ligament (OPL) OPL 30

Posterior Oblique Ligament (POL) POL 25

Anterior Lateral Ligament (ALL) ALL 25

Medial Capsule (MC) MC 12

Lateral Capsule (LC) LC 12

the contact surface, the contact force can be calculated as follows:

Fi = PVi with Vi = Aidi. (7.15)

The direction of the force corresponds to the surface normal of the respective triangle. In
the present model this contact algorithm for the contact between femur and tibia as well
as the femur and the two menisci was modelled. The pressure module for the femorotibial
contact was modelled with P

femtib

= 5.0⇥ 108 N
m3

and for the femoromeniscal contact with
P
femmen

= 8.0⇥ 107 N
m3

are assumed [12]. The calculated contact forces are then included
in the calculation of the FDK in the form of external forces. A force tolerance of 1.0 N
was applied as a stopping criterion for the FDK algorithm solving the equation 7.13. Any
residual forces after solving the FDK are recorded as FDK error.

A reference coordinate system linked to the tibia was defined to represent applied loads
relative to the knee joint. This coordinate system was placed based on the bony landmarks
of the femur and the tibia. The origin was defined by the center of the two femoral
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Figure 7.3: Representation of a subject-specific multibody model from the front (left) and
from behind (middle). The reference coordinate System for the descriptions
of the femorotibial motions is depicted. In addition, detailed representations
of the femorotibial contact are given (right). The individual force vectors
calculated with the penetration model can be seen.

epicondyles. A vector going through the lateral and medial femoral epicondyle pointing to
the right defined the z -axis. The x -axis was defined by the vector perpendicular to z -axis
and the long axis of the tibia pointing anteriorly. Finally, the vector perpendicular to the
z - and x -axis defined the orientation of the y-axis (Figure 7.3).

7.1.3 Subject specific modeling

The laxity data of 865 knee joints summarized in chapter 5 very nicely illustrate the
bandwidth in which the knee joint properties di↵er between individual subjects. In or-
der to better plan the soft-tissue balancing to foresee the result more precisely, a tool
is to be created on the basis of multibody simulation models so that the currently ex-
isting surgical planning steps can be extended by the aspect of soft-tissue management.
This requires subject-specific models that can be created on the basis of information from
medical imaging and take into account the individual anatomy of a joint. A work flow
towards subject-specific models was developed that can be used in the future for the above-
mentioned application scenario. In the context of this study, the individualization of the
models was used to obtain an accurate in-silico representation of specimens examined in
the in-vitro study. The individualization includes the subject-specific bone anatomy, the
individual position and length of the ligaments and the individual mechanical properties of
individual soft-tissue structures. In the following, the workflow with the individual work
steps is described in more detail.

Magnetic resonance imaging

In order to obtain as much information as possible on the individual anatomy of a subject,
the use of a three-dimensional cross-sectional technique was best suited for this purpose.
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Since, in addition to the bone geometry, information on the soft-tissue structures with
their insertion sites was also relevant, magnetic resonance imaging is the method of choice
for obtaining layer images of a human knee joint. Within the scope of this work, ten
individual models were created based on the anatomical data of ten cadavers used in the
in-vitro experiments (chapter 6). Accordingly, the human knees were examined in a 3.0
Tesla scanner (Verio, Siemens Healthineers, Germany). The joints were scanned in ex-
tension position using a Tx/Rx 15-channel knee coil (Siemens Healthineers, Germany) to
obtain high-resolution images. The sagittal PD weighted imaging sequence consisted of a
3D spoiled gradient-recalled acquisition with fat suppression (flip angle = 120°), repetition
time = 1000 ms, echo time = 40 ms). The field of view was 172⇥ 180 mm and the image
matrix 320 ⇥ 269, yielding a pixel size of 0.47 mm. 320 contiguous slices, 0.6 mm thick,
were acquired in 30 minutes.

MRI images 3D-segmentation Bone geometries

Meniscus geometries

Lig. attachment sites
Initial joint position

Figure 7.4: Schematic representation of the data extraction process from MRI data for the
subject-specific modeling.

Segmentation and processing of image data

The aim of the segmentation was to convert the layer image data generated with the
MRI scanner into 3D models in order to integrate them into the Anybody environment in
the form of surface models (STL format). For this purpose the function of the Amira®

(v5.3.3, FEI Visualization Sciences Group, Oregon, USA) software environment was used.
The individual anatomical structures were each assigned their own label in all layers. Each
label set was then exported as its own surface model. Due to the relatively low contrast
di↵erence between the anatomical structures to be separated and the heterogeneity of the
contrasts within a structure (Figure 7.4), it was di�cult to label the structures using seg-
mentation tools such as threshold-based methods. For this reason, all structures in the
individual layers were segmented manually. A particular challenge was the segmentation
of individual ligament structures. Ligaments such as the ALL are tightly interwoven with
surrounding soft-tissue structures, so that the ligament attachment sites could not be seg-
mented for all ligaments modeled in the simulation model. In summary, the following
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structures could be labeled:

• Distal Femur including cortical bone, cancellous bone and joint cartilage

• Proximal Tibia including cortical bone, cancellous bone and joint cartilage

• Proximal Fibula including cortical and cancellous bone

• Lateral and medial meniscus

• ACL, PCL, MCL and LCL

In addition to the ligament structures, a particular focus was placed on segmenting the
joint surfaces as precisely as possible, since these were of considerable importance for the
contact model in Anybody. With a smoothing function integrated in the segmentation
software, the labels in the individual layers were regularized before the 3D segments were
exported in the form of triangulated surfaces. With the help of the program library Mesh-
lab (v.2016, Institute of Information Science and Technology-CNR, Italy) the number of
triangular surfaces of the 3D segments of femur, tibia and fibula was first reduced and
then the joint surfaces of femur and tibia were refined and smoothed with the software
GOM Inspect (v.7, GOM GmbH, Germany).

Import of the meshes and adaption of the ligament attachment sites

In order to transfer the patient-specific bone and meniscus segments into the generic
model, they first had to be slightly scaled to the size of the generic segments and the
reference coordinate system of the object (STL) had to be transformed according to the
generic segments. For such purposes an alignment function is available in the Meshlab
program library. Before the two segments to be superimposed could be aligned using an
iterative closest point algorithm, they first had to be aligned roughly manually. For this
purpose, predefined landmarks were first marked on both meshes. The meshes could then
be shifted and scaled via an alignment function so that the corresponding landmarks of
the two meshes match as closely as possible. The generic mesh was defined as spatially
fixed and the patient-specific mesh was shifted to the position of the generic mesh. The
meshes scaled and transformed in this way could now be loaded into the created Anybody
model without having to move or realign the individual elements of the model. However,
this did not apply to the ligament attachment sites within a model, as these are very
closely tied to the individual anatomy of the respective bone. In many cases, a simple
transfer of the coordinates of the individual ligament attachments of the initial model to a
patient-specific model would result in ligament attachments being distant from the bone
surface due to the variances in the anatomy and thus not accurately representing reality.
On the other hand, the segmentation and transfer of the ligament attachments from the
MRI data is very time-consuming and only applicable for certain ligaments. For this rea-
son, a morphing algorithm was implemented in the simulation model in addition to the
segmentation of the ligaments (Figure 7.5), with which the ligament attachment points of
the generic model could be transferred to the patient-specific meshes.

The morphing algorithm contains three interpolation functions, each for one of the three
spatial directions, in the form of radial basis functions (RBF). These RBFs are used
for the transformation of a set of given points (source landmarks) into a set of known
subject-specific points (target landmarks). The individual determination of the ligament
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Input Processing Output

Source Target

Alignment RBF morphing
Generic
with LAS

Subject-specific
without LAS

Subject-specific
with LAS

Figure 7.5: Schematic representation of the alignment and morphing process for approxi-
mation of subject-specific ligament attachment sites (LAS) using a closest point
alignment and radial basis function (RBF) based mesh morphing technique.

attachment sites is done by use of the surface information of the bone meshes of a generic
model (source) and of a individual subject (target). The approximation that is used for
this purpose is defined by linear combinations of basis functions (�) with respect to the
Euclidean distance ||x ||

2

for a given number of boundary nodes n in the following form:

f(x ) ⇡
nX

j=1

cj�(||x � x j||2) + p(x ) (7.16)

with the weighting factors cj, the boundary nodes x j = (xj, yj, zj)| and a polynomial
function p.
As radial basic functions di↵erent types are available for the approximation in this case:

thin plate spline: �(r) = x2 ln(r), (7.17)

multiquadratic function �(r) =
p
r2 � a, a < r2, (7.18)

triharmonic function �(r) = r3, with r = ||x � x j||2. (7.19)

The definition of the grid points is done automatically. Therefore, a given number of
points is seeded on the source surface and corresponding landmarks are found on the
target surface by identifying closest vertices. The prerequisite for this is that the source
and target mesh have already been registered to each other and that a good alignment
prevails.
In order to achieve the best possible estimation with the morphing algorithm, the generic
model used was trained on the basis of ten MRI data sets of the knee joint. The definition
of the attachment sites of the model was shifted in such a way that the deviation between
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the ligament attachments segmented from the MRI data and the attachments estimated
with the RBF was minimized [8].

7.1.4 Accuracy and sensitivity analysis of the in-silico model

The accuracy and sensitivity investigations of the developed multibody model were con-
ducted on the one hand to analyse the functionality of individual methods (e.g. RBF,
FDK) applied in the model and on the other hand to work out the robustness of the
model against changes of individual model parameters.
In the following, methods are described which were used to examine the accuracy of the
ligament attachment site approximation using RBFs. In this context, the influence of the
ligament attachment sites on the simulation result were also investigated. Furthermore,
the following subsections describe the methods which were used to evaluate the influence
of the initial position of the joint, the mesh size of the surface models as well as the pres-
sure module of the femorotibial joint on the simulation results with regard to the related
FDK approach.

Accuracy and sensitivity of the ligament attachment site approximation by
use of radial basis functions

Since the quality of mesh morphing by RBF may depend on both the type of RBF and the
number of boundary nodes, the sensitivity of the morphing function as a result of changes
in these factors was first investigated. In order to quantify the quality of the ligament
attachment site determination using RBF, the accuracy of the RBF was also determined
for the single ligaments in the three spatial directions. The attachment sites of the MCL,
LCL, PCL, and ACL were estimated for the femoral side of the knee joint using the three
RBF types ( 7.19, 7.18, and 7.17) to investigate the attachment site estimation depending
on the RBF function used. For all RBF types 800 automatically selected boundary nodes
(subsection 7.1.3) have been defined as landmark points to construct the RBF transfor-
mation. In further investigations the femoral attachment sites were estimated using the
thin plate spline function (7.17) on the basis of 50, 100, 200, 400, and 800 automatically
selected boundary nodes.

To evaluate the quality of the ligament attachment site estimation, the Euclidean dis-
tances between the attachment sites were calculated for all configurations from the MRI
data and the results from the RBF morphing. For the configuration with the thin plate
spline as RBF type and 800 boundary nodes the di↵erences of the attachment sites be-
tween MRI data and the RBF were evaluated in dependence of the three spartial directions.

Sensitivity of the force dependent kinematics as a function of the ligament
attachment sites

The estimation of the ligament attachments by means of RBFs is naturally subject to
an estimation error. This error may a↵ect the results of simulations with the multibody
model. In order to investigate how sensitive the knee model reacts to deviations of the
ligament attachments, a probabilistic experiment based on the results from the accuracy
evaluation of the attachment site approximation (subsection 7.2.1) was used to investigate
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the influences of the ligament attachments on the joint translations and rotations as a
result of an applied load.

For this purpose, a patient-specific, FDK multibody model with 5 DOFs as described
in subsection 7.1.5 was used. An anterior drawer test was accomplished by simulating
a steadily increasing load of up to 134 N, while the joint was kept centered. This was
realized by simultaniously applying 20 N compression load in axial direction (y-axis). The
flexion of the joint was held constant with the joint in 0° flexion position while all other
DOFs were unconstrained.
For loading and parametrization of the model, execution of the simulation and collect-
ing the results a script was written in the programming language Python (Python Soft-
ware Foundation, Wilmington, Delaware, USA). The script based controlling of the multi-
body model on the one hand allowed for a systematical and e�cient investigation of cer-
tain parameters and on the other hand allowed a parallelization of simulation processes.
Parametrization of the model was implemented as follows:

Attachment sites of the ligaments derived from the MRI data were used as initial sites.
The variation of the attachment site of each ligament was realized by creating 100 di↵erent
positions for each attachment site with a maximum di↵erence of 5 mm per direction relative
to the initial sites. The variation was based on a cosine distribution as an approximation
to the normal distribution to reproduce the distribution of the RBF based attachment site
predictions relative to the reference position derived from MRI. The probability density
function for the cosine distribution is:

f(x) =
1

2⇡
(1 + cos x) for � ⇡  x  ⇡. (7.20)

The calculated attachment sites were then randomly assigned to the model by utilizing a
Latin hypercube sampling technique. Accordingly, 100 simulations were carried out. The
following simulation steps were performed after parametrization of the model:

• Segments were set in its defined initial position.

• Ligament calibration: slack lengths for all ligaments were calculated with the joints
in initial position at 0° of flexion.

• Inverse dynamic simulation: Solving the FDK based musculoskeletal model.

• Saving the output: Translations and rotations of the femur, positions of the ligament
attachment sites and the error in the determination of the equilibrium of forces in
the model at each simulation step (FDK error).

After completion of the simulation, for each parameter set the Euclidean distances between
the investigated ligament attachment sites and the MRI-determined sites were calculated.
In addition to the probabilistic experiments, the model was calculated using the ligament
attachment sites determined from the MRI data and from the RBF.

The statistical software R (version 3.3.2, R Foundation for Statistical Computing) was
used to further analyse the collected data. To analyse the correlation of the sum of the
Euclidean distances of a given model configuration with the results of the simulation, a
Pearson correlation was performed. Furthermore, to find ligament attachment sites whose
positions have a great e↵ect on the model results, the Euclidean distance of the attach-
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ment relative to the MRI based target site for individual ligaments were correlated with
the measured translations and rotations of the joint, again by calculating the Pearson
correlation coe�cient. An ↵ value of 0.05 was set for all analysis. Additionally, a line plot
for each parameter set was created, showing the translations and rotations of the joint in
dependence of the simulation progress. Box plots for the change in position and rotation
of the joint were created (Figure 7.11). Regarding the box plots, whiskers represent the
lowest and highest values within the 1.5 times inter quartile range of 1st and 3rd quartile,
respectively. Dots represent outliers, defined as values beyond the whiskers.

Sensitivity of the force dependent kinematics as a function of the mesh size

Since the triangular surfaces of the bone surface models are included in the calculation of
the contact forces, an influence of the mesh refinement on the simulation results cannot be
neglected. The sensitivity of the model to the change in mesh refinement was investigated
as follows:

A patient-specific, FDK multibody model with 5 DOFs as already described in the previ-
ous section was used. The surface models of femur and tibia were varied with regard to
the number of triangular surfaces using the Meshlab program library without changing the
geometry in a meaningful way. The surface models were simplified using a Quadric Edge
Collapse Decimation algorithm. The number of triangle surfaces of the two segments was
reduced to 1/4, 1/8, and 1/16 of the original number, respectively, and saved as a surface
model.
In the following, three models with mentioned mesh configurations were created in addi-
tion to the existing model. In accordance with the above investigations, an anterior drawer
test was then agin simulated. During the simulation, the joint reactions were recorded in
the form of translations and rotations. Furthermore, the FDK error was recorded. Subse-
quently, the translations and rotations of the joint were evaluated for all configurations.

Sensitivity of the force dependent kinematics as a function of the initial joint
position

The initial joint position of the model is the starting point of the force calculations for
the FDK and the inverse dynamics. This position is usually specified by the user of the
simulation model. Di↵erent starting points may lead to di↵erent force relationships in
the joint, therefore, an influence of this initial position on the simulation results cannot
be excluded. To investigate this, probabilistic experiments were used similar to the sen-
sitivity analysis for the ligament attachment sites. Also in this case, a patient-specific,
FDK multi-body model with 5 DOFs as mentioned above was used. Again an anterior
drawer test was simulated. For loading and parametrization of the model, execution of
the simulation and collecting the results a Python script was written and executed.

The initial position of the joint was defined based on the MRI data of the subject-specific
model. Specimens were scanned in full extension of the knee, by use of a knee coil.
Accordingly, the MRI data are also available with the joint in extension position. By
segmenting the bones in the same reference coordinate system, this joint position could
be transferred to the model. Based on the MRI derived joint position, various initial
positions were calculated with the aid of a cosine distribution (equation 7.20), whereby
the maximum deviation corresponded to a displacement of 5 mm in anterior-posterior
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and medial-lateral direction and a maximum rotation of 1.5° in varus-valgus and internal-
external rotation. The displacement in superio-inferior direction was not varied, since
in this DOF the positioning of the joint is clearly defined by the contact of the bone
geometries. As preliminary experiments showed that a variation of the initial position
quickly leads to a termination of the simulation, a total of 200 di↵erent initial positions
were investigated. The calculated alterations in the single directions were then randomly
assigned to the model again by utilizing a Latin hypercube sampling technique for 200
di↵erent initial positions. Subsequently, the model was subjected to the same simulation
process as before.

Following the simulations, the translations and rotations of the individual configurations
were evaluated. A line plot for each parameter set was created, showing the translations
and rotations of the joint in dependence of the simulation progress. Box plots for the
change in position and rotation of the joint were created.

Sensitivity of the force dependent kinematics as a function of the femorotibial
pressure module

The contact model of the femorotibial joint is a central aspect of the FDK method in
this multibody model. The calculation of the joint contact and the contact forces is done
by means of a penetration model (subsection 7.1.5) with the pressure module as the deci-
sive variable. Since the penetration of two bodies, as implemented in the model, does not
occur in reality, no equivalent literature data exist for the parameter ”pressure module”.
However, the manufacturer of the simulation environment provides guide values in order
to obtain realistic simulation results which are in the range of 1.0⇥ 107 to 1.0⇥ 1010 N

m3

.
To what extent the variation of this parameter influences the simulation results is com-
pletely unknown and in all likelihood dependent on the parameters of the simulation. For
this purpose, these pressure module was varied in a sensitivity analysis. For this purpose,
once more the patient-specific, FDK multibody model with 5 DOFs as mentioned above
was used and again an anterior drawer test was applied. For loading and parametrization
of the model, execution of the simulation and collecting the results a script was written
in the programming language Python.
The variation of the pressure module of the femorotibial contact model was realized by
creating 200 di↵erent values ranging from 1.0⇥ 108 to 1.0⇥ 109 N

m3

. The allocation of the
random values was distributed by coincidence. The calculated pressure modules were then
assigned by chance to the model by utilizing a Latin hypercube sampling technique. Ac-
cordingly, 200 simulations were carried out. The model went through the same simulation
process as applied before.
After the simulations, the deviations in the translations and rotations were calculated.

7.1.5 Model validation and simulation of the knee laxity

Ten subject specific models created from MRI data (subsection 7.1.3) were used for the
validation and simulation of the knee laxity. On the one hand, the model was validated
indirectly by means of available literature data and on the other hand directly by means
of the data collected in the in-vitro experiments. In the following, the experimental setup
and the execution of the validations are described in detail.
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As the sensitivity analysis demonstrated di↵erences between MRI and RBF based liga-
ment attachment sites (subsection 7.2.1), for further analysis sites were modeled based on
MRI data and literature data for those which could not be located in the MRI images.
Initial posture of the joints was defined to be in full extension. Positions of the bones in
extension were derived from MRI data of the knees which were scanned in full extension
(subsection 7.1.3). Each motion simulation was performed in 100 computational steps.
A Python script was used for loading, parametrization, execution of the multibody knee
models. Furthermore, the script was used for a detailed ligament calibration prior to laxity
testing.

The ligament calibration consisted of three iterative calibration steps. Initially the slack
lengths of all ligaments were set at 0° flexion. During each iteration a knee flexion motion
from 0° to 90° was simulated and joint position as well as length changes of all modeled
ligaments were recorded at 0°, 15°, 30°, 60° and 90°. After each flexion motion zero load
lengths of the ligaments were set based on available literature: slack lengths of the dMCL
and sMCL were defined to be at 30° [96, 180]. The LCL was defined to be slack at 30°[180].
Zero load lengths of the PCL was set at 15° [234] and of the ACL at 30° [155, 195, 57].
Slack length of the OPL, POL and ALL were all set at 15° [259]. Posterior-medial and
-lateral capsule forces were defined to be zero at 15°.

After calibration of the ligaments, laxity of the joints was analysed at 0°, 15°, 30°, 60° and
90° of flexion. For testing of the joint restraints only the flexion angle was held constant,
all other directions were allowed to move freely. Anterior, posterior, inferior translation
laxity was evaluated by applying a load of 134 N, to the tibia in the respective direction.
For the analysis of the varus and valgus rotational laxity, 10 Nm load were applied around
the tibial x -axis. Internal and external rotation laxity was evaluated by applying 5 Nm in
axial direction of the tibia. Additionally to the testing load a 20 N centering force along
the axis of the tibia was applied to keep the femorotibial joint centered during testing.
The laxities of the knee models were analysed for three di↵erent joint conditions: intact,
after removal of the menisci and after an additional removal of the ACL bundles.

In the first step of validation, the flexion motion of the knee models after ligament cal-
ibration was analyzed. Two main kinematic parameters, the axial rotation of the tibia
relative to the femur as well as anterior-posterior translation of the tibia relative to the
femur better known as the femoral roll back during a flexion task from 0° to 90° were
analyzed. For this purpose, five literature references were randomly selected, in which the
mentioned parameters of knee joint kinematics were examined on healthy knees and the
absolute values were available in the manuscript in the form of text, table or illustration
[165, 145, 54, 32, 134]. The rotations and translations of the tibia relative to the femur
during flexion were transcribed for flexion angles 0°, 10°, 20°, 30°, 45°, 60° and 90° and
mean values and standard deviations were determined for each angle position. The liter-
ature data were then compared with the simulation results. In addition, the forces of the
individual ligament structures and their length changes during flexion were evaluated.

In a second step of validation, the subject-specific model predictions of the native knee
laxity in all tested directions and flexion angles were compared to the in-vitro investi-
gations. As the subject-specific models were created based on the image data of knee
specimens used in the in-vitro experiments, a direct one-to-one comparison for each sin-
gle subject could be carried out. Accordingly, for the flexion angles 0°, 30°, 60°, and 90°
the root mean square errors (RMSEs) between numerically calculated and experimentally
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determined values were calculated.

7.2 Results

The outcome of the individual investigations are shown in the following sections. In the
first four sections, the results of the sensitivity analyses of the in-silico model are described.
Furthermore, the findings of the validation of the model by comparing the numerical
predictions to literature data and the in-vitro data (section 6.2) are presented.

7.2.1 Accuracy and sensitivity analysis

The investigations showed no influence of the number of boundary nodes of the RBF on the
algorithm for ligament attachment site approximations, and no significant dependence of
the results on the type of radial basis function. The accuracy of the approximation ranged
from 0.60 mm to 6.12 mm, depending on ligament and anatomical direction. The varia-
tion of the ligament attachment sites showed an influence on the calculated joint laxity.
The sensitivity analysis also showed an influence of the mesh size and the initial posi-
tion of the joint on the joint laxity. The femorotibial pressure module also influenced the
calculated joint laxity. In the following, the results of the investigations are listed in detail.

Accuracy and sensitivity of the ligament attachment site estimation by use
of radial basis functions

The investigations on the number of boundary nodes showed no influence on the accuracy
of the attachment site approximation. The calculated di↵erences between the Euclidean
distances based on 50 and 800 boundary nodes was 0.010 mm for the ACL, 0.14 mm for
the LCL, 0.07 mm for the MCL, and 0.07 mm for the PCL (Figure 7.6).
The di↵erent RBFs also showed no significant di↵erences in the results for the approxima-
tion of the ligament attachment sites. The distance averaged over all Euclidean distances
was 5.26± 0.31 mm for the calculation with the thin plate spline, 5.24± 0.32 mm for the
triharmonic function and 5.24± 0.31 mm for the multiquadric function (Figure 7.7).
With the application of the thin plate spline RBF and 800 boundary nodes, the approx-
imated attachments of ACL, LCL and MCL on the femur showed that they were spread
around the respective attachment site determined by MRI. The largest deviations among
these three ligaments were 1.11 ± 4.63 mm and 0.78 ± 2.85 mm in posterior direction
for MCL and ACL, respectively, and 0.60 ± 3.40 mm in lateral direction for the LCL
(Figure 7.8). For the PCL, on the other hand, there were larger deviations in all three
directions: The deviation was 2.54 ± 2.03 mm in posterior, 2.84 ± 1.93 mm in superior,
and 3.00± 2.70 mm in lateral direction.

Regarding the approximation of the tibial ligament sites, the largest deviations were found
for the MCL. Here the deviations were 6.12 ± 5.43 mm in superior and 1.88 ± 2.38 mm
in lateral direction compared to the sites derived from the MRI data. The largest devia-
tions of the remaining ligaments were 1.70± 4.36 mm in posterior direction for the ACL,
1.06± 1.72 mm in superior direction for the PCL, and 0.90± 2.99 mm in inferior direction
for the LCL (Figure 7.8).
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Figure 7.6: Box Plots showing the Euclidean distance between the location of a ligament
attachment site estimated via MRI and approximated via a radial basis func-
tion based morphing algorithm. The number of boundary nodes were varied
for approximation from 50 to 800 nodes. Presented are data for the femoral
ligament attachment sites of the MCL, LCL, PCL, and ACL.

Sensitivity of the force dependent kinematics as a function of the ligament
attachment sites

Of the 100 individual simulations, 78 could be evaluated, 22 simulations were aborted
by the system due to calculation errors. The Euclidean distance of the successfully com-
pleted simulations, summed over all varied ligament attachment sites, was on average
5.26± 0.31 mm for the femur and 4.57± 1.83 mm for the tibia (Figures 7.9, 7.10).

In ten simulations the errors of the FDK model averaged more than 10 N (mean 225±111
N). The lowest FDK error was 1.3 N. As a result of the first calculation step, the joint
position of simulations with an FDK error greater than 10 N di↵ered from simulations with
a smaller FDK error by 0.6 mm in the x-direction, 0.8 mm in the y-direction, and 1.9 mm
in the z-direction, as well as rotations of 0.8° around the x-axis, and -3.8° around the y-axis.
The calculated joint translation in loading direction (x-axis) averaged over all simulations
was 3.2± 1.9 mm. The translations ranged from -2.0 mm to 9.7 mm. For comparison, the
translations calculated with the MRI and RBF based ligament attachment site estimations
were 3.7 mm and 3.3 mm in the x-direction, respectively. Besides the translation in x-
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Figure 7.7: Box Plots showing the Euclidean distance between the location of a ligament
attachment site estimated via MRI and approximated via a radial basis func-
tion based morphing algorithm. Di↵erent types of radial basis functions were
investigated. 800 boundary nodes were used for all functions investigated. Pre-
sented are data for the femoral ligament attachment sites of the MCL, LCL,
PCL, and ACL.

direction, there were lower translations in y- and z-direction with values of 0.2± 0.2 mm
and 1.2 ± 1.1 mm. In addition to the displacements, rotations around the x- and y-axis
also occurred with values of 0.5±0.6° and �1.1±1.9°, respectively. Especially the rotation
around the y-axis varied between the simulations. The values ranged from �5.6° to 3.2°.
Subdividing the calculated joint translations of the simulations with an FDK error greater
than 10 N with those with a smaller FDK error, data reveal significant di↵erences in four
DOFs (Table 7.2): Comparing the simulations in which the ligament attachments were
configured on the one hand by means of MRI and on the other hand by means of RBF
methode, there were di↵erences in the translations of 0.4 mm in x-direction, 0.1 mm in
y-direction, and 1.2 mm in z-direction, as well as di↵erences in the rotations of 0.6° and
1.6° around the x- and y-axis, respectively.

The correlation of Euclidean distances of individual ligament structures with the result-
ing translations and rotations of the joint showed significant correlations for the femoral
attachment of the LCL and the translation in x- (p = 0.021) as well as in y-direction (p
= 0.017), (Figure C.1). The corresponding tibial attachment site showed no influence on
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Figure 7.8: Accuracy of the radial basis function based approximation of the ligament
attachment sites of the MCL, LCL, ACL, and PCL for the femur and the
tibia. Di↵erences in relation to the MRI based attachment site estimation in
three directions are displayed.

joint laxity, (Figures C.3, C.4). The position of the femoral attachment site of the sMCL
and dMCL correlated with the rotation about the y-axis (p = 0.044, p = 0.037), (Figure
C.2). The position of the tibial attachment site influenced the shift in the z-direction (p
= 0.039), (Figure C.3). The Euclidean distances of the attachment sites of ACL and PCL
showed no significant correlation with the joint displacements and rotations (p > 0.19).

Sensitifity of the force dependant kinematics as a function of the mesh size

The refinement of the mesh showed an influence on the calculation results of the simulation
model (Figures 7.12, 7.13). The joint positions di↵ered already in the first calculation step
between the simulations with di↵ering mesh configuration. The reduction of the number
of triangles to 1/16 led to di�culties in solving the contact model during the simulation.
The results of the simulation for this case showed increased displacements and rotations
for all five DOFs compared to all other mesh conditions. Compared to the initial model,
the largest deviations were 4.3 mm, 3.0 mm, and 4.6 mm in x-, y-, z-direction as well as
2.6° and 6.2° around the x- and y-axis. Not before 12.5 % of the initial mesh density the
simulation could be carried out without major problems during solving. Compared to the
initial model, the translations in the x-, y- and z-directions deviated by 1.5 mm, 1.6 mm
and 2.2 mm and the rotations around the x- and y-axis by 1.6° and 2.7°. The configuration
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Figure 7.9: Line diagrams of the tibial position relative to the femur in dependence of
the simulation progress simulating an anterior drawer test. 0 % progress cor-
responds to 0 N and 100 % to 134 N anterior load, respectively. Each line
represents one simulation with a di↵erent ligament attachment site configura-
tion of the MCL, LCL, ACL, and PCL. In addition, the results of simulations
in which the ligament attachments were determined by MRI and radial basis
function (RBF) are displayed.

with 25 % of the initial mesh density, showed no more di↵erences in the simulation results
compared to the initial model.

Sensitivity of the force dependent kinematics as a function of the initial joint
position

Of the 200 individual simulations, only 39 were successfully completed. Eleven of them
were finished with a mean force dependent kinematic error greater than 10 N (mean
299± 113 N). For these the translations in x-, y-, z-direction were 2.0± 2.5 mm, 0.4± 0.5
mm, �0.4± 3.6 mm and the rotations around the x- and y-axis 0.5± 0.8° and �3.1± 3.3°,
respectively. For the remaining simulations with a mean force dependent kinematic error
smaller than 10 N, the translations in x-, y-, z-direction were 4.5 ± 1.1 mm, �0.2 ± 0.1
mm, 1.1± 1.0 mm and the rotations around the x- and y-axis 0.4± 0.8° and �0.4± 2.1°,
respectively.
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Figure 7.10: Line diagrams of the tibial rotation relative to the femur in dependence of
the simulation progress simulating an anterior drawer test. ↵, �, � represent
the rotations about the x-, y-, z-axis, respectively. 0 % progress corresponds
to 0 N and 100 % to 134 N anterior load, respectively. Each line represents
one simulation with a di↵erent ligament attachment site configurationof the
MCL, LCL, ACL, and PCL. In addition, the results of simulations in which
the ligament attachments were determined by MRI and radial basis function
(RBF) are displayed.

A comparison of the translations and rotations of all simulations with a low FDK error
with the results in which the initial position was determined using the MRI data showed
a maximum deviation of 3.5 mm in the loading direction (x-axis), (Figures 7.14, 7.15). A
correlation of the measured translation in loading direction with the displacement of the
initial joint position showed a significant correlation for the displacement in x-direction (p
< 0.0001) as well as in z-direction (p = 0.026). Changes of the initial position by rotation
around the x- and y-axis showed no significant influence (p =0.46, p = 0.23).

Sensitivity of the force dependent kinematics as a function of the femorotibial
pressure module

Only 42 of the 200 simulations with varying pressure module could be completed. The
pressure module of the successfully finished simulations was in a range between 1.14 and
8.9⇥ 108 N

m3

. Considering the distribution of the pressure module values that could be
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Figure 7.11: Box plots of translations (x, y, z) and rotations (↵, �, �) as responds to
134 N anterior drawer load. The plots include all simulations with di↵ering
ligament attachment site configuration.

Table 7.2: Mean translations and rotations as responds to 134 N anterior drawer load for
simulations with FDK error less and greater than 10 N. ↵ and � represent the
rotations about the x-, and y-axis, respectively.

Translations and rotations (mean ±SD)

FDK error x / mm y / mm z / mm ↵ / deg � / deg

<10 N 3.8± 1.3 �0.2± 0.1 1.3± 1.1 0.5± 0.6 �1.0± 1.8

>10 N 0.04± 1.5 0.2± 0.3 0.8± 0.9 0.4± 0.5 �2.1± 2.5

successfully calculated, only six simulations with results were within the range of 5.0 to
8.9⇥ 108 N

m3

. The largest deviations in the calculated joint movement were observed for
the translation in loading direction (x-axis) with a range of 1.75 mm as well as for the
rotation around the y-axis with a range of 2.36° (Figure 7.16).

7.2.2 Model validation and simulation of the knee laxity

Ligament calibration was successful for seven of the ten models. With the remaining three
models, the flexion movements for the ligament calibration could not be completed due
to the abort of the simulations. Also by repeated simulation tests, a renewed verifica-
tion of the modeling itself and a slight variation of di↵erent model parameters like the
pressure module or the initial position the simulations of the flexion movement could not
be successfully completed. A ligament calibration for the three models was not possible.
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Figure 7.12: Line diagrams of the tibial position relative to the femur in dependence of
the simulation progress simulating an anterior drawer test. 0 % progress
corresponds to 0 N and 100 % to 134 N anterior load, respectively. Shown
are the data of four di↵erent multi body models with di↵ering mesh size of
the femoral and tibial bone surface. 100 % mesh size represents the bone
surface models used for all other simulations in this thesis.

Accordingly, the knee laxity was simulated and validated exclusively on only seven out of
ten models. The numerical prediction of the knee laxity could not be calculated for all
directions independent of the investigated soft-tissue condition. Both the valgus laxity and
the internal rotation laxity could not be determined numerically due to failed calculations
of the inverse dynamics or due to high force dependent kinematic errors.

Validation of the kinematic during joint flexion of the physiologic joint

A comparison of the anterior-posterior translation of the knee during a simulated flex-
ion with literature data showed a basically similar outcome. In particular, a continuous,
almost linear translation of the tibia or a rolling back of the femur relative to the tibia
could be seen. Whereby based on the joint position at 0° flexion for the translation at 10°
flexion a di↵erence in the mean values of 0.8 mm and thus a 78 % lower value results from
the simulation compared to the literature data (Figure 7.17). This percentage deviation
also represents the largest di↵erence between the data. Only in this flexion position the
simulation results were not within the standard deviation of the literature data. The per-
centage deviations for the further angles were for the flexion angles of 20° 37 %, 30° 22 %,
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Figure 7.13: Line diagrams of the tibial rotation relative to the femur in dependence of
the simulation progress simulating an anterior drawer test. ↵, �, � represent
the rotations about the x-, y-, z-axis, respectively. 0 % progress corresponds
to 0 N and 100 % to 134 N anterior load, respectively. Shown are the data
of four multibody models with di↵ering mesh size of the femoral and tibial
bone surface. 100 % mesh size represents the bone surface models used for
all other simulations in this thesis.

45° 4 %, 60° 13 % and 90° 18 %. In summary, the RMSE for antero-posterior translation
was 1.3 mm over all angles (Figure 7.17).

Larger di↵erences were observed for the axial rotation of the tibia relative to the femur.
Starting from the position at 0° flexion, there were moderate deviations of 16 % at 10°, 7
% at 20°, 13 % at 30° and 22 % at 45° flexion (Figure 7.18). For the higher flexion angles
a further increase of 40 % at 60° flexion and up to 125 % at 90° flexion was observed. A
steady increase of the standard deviation with progressing joint flexion could be observed
in the literature data. So that only the numerically predicted rotations at 10° and 90°
were outside the standard deviation of the literature values. In summary, the RMSE for
internal rotation at flexion was 4.2° (Figure 7.18).

Ligament length changes during joint flexion of the physiologic joint

When examining the length changes of the individual ligament structures during the flex-
ion movement, strong di↵erences could be observed between the individual structures. All
three bundles of the LCL shortened from a respective length of 55 ± 4 mm in extension
to 90° flexion by 5 %, 9 %, and 14 % for the anterior, intermediate, and posterior bundle,
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Figure 7.14: Line diagrams of the tibial position relative to the femur in dependence of
the simulation progress simulating an anterior drawer test. 0 % progress
corresponds to 0 N and 100 % to 134 N anterior load, respectively. Each line
represents one simulation with a di↵erent initial positions of the femorotibial
joint. In addition, the results of simulations with MRI based initial position
in which the ligament attachments were determined by MRI and radial basis
function (RBF) are displayed.

respectively (Figure C.7). The three bundles of the sMCL, on the other hand, extended
in the course of flexion from 0° to 90°, starting from an initial length of 88± 8 mm, 86± 8
mm, and 85 ± 9 mm in extension by 10 %, 5 %, and 0 % for the anterior, intermediate,
and posterior bundle, respectively (Figure C.5). Increases in length in the course of flexion
from 0° to 90° could also be determined for all three bundles of the dMCL (Figure C.6).
The increase was 28 %, 16 % and 5 %, respectively, with a length in extension of 32±4 mm
for the anterior, intermediate and posterior bundle, respectively. The length of the ACL
increased from 0° to 90° flexion (Figure C.8). The anteromedial bundle lengthened from
25± 3 mm in extension by 4 %, the posterolateral bundle lengthened from 30± 3 mm by
10 %. Both the anterolateral as well as the posteromedial bundle of the PCL with a length
of 34 ± 3 mm and 30 ± 3 mm in extension, also lengthened by 9 % each with increasing
flexion (Figure C.9). The medial and lateral capsule portions shortened from 0° to 90°
flexion by 66 %, 61 %; the length of the capsule portions at extension was 56± 4 mm and
56± 4 mm, respectively (Figure C.10). Loss of length could also be observed for the POL
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Figure 7.15: Line diagrams of the tibial rotations relative to the femur in dependence of
the simulation progress simulating an anterior drawer test. 0 % progress
corresponds to 0 N and 100 % to 134 N anterior load, respectively. Each line
represents one simulation with a di↵erent initial positions of the femorotibial
joint. In addition, the results of simulations with MRI based initial position
in which the ligament attachments were determined by MRI and radial basis
function (RBF) are displayed.

and OPL. The POL decreased from 38±3 mm by 75 % (Figure C.11), the OPL decreased
from 69 ± 4 mm by 70% (Figure C.12). The ALL on the other hand shortened from a
length of 41 ± 2 mm in aspect ratio with increasing flexion by up to 17 % at 90° flexion
(Figure C.13). By considering the forces, the ligament structures could be divided into
two groups: The LCL, POL, OPL and the posterior capsule showed a maximum tensile
force of 17±1 N, 22±17 N, 39±12 N, and 39±6 N in extension, while the sMCL, dMCL,
ACL, PCL, and ALL each showed the greatest traction of 27± 11 N, 28± 10 N, 73± 5 N,
156 ± 43 N, and 81 ± 27 N in 90° flexion. Accordingly, the total tensile force exerted by
the ligaments was 124 N in extension and 318 N in 90° flexion. The lowest tensile force
could be observed with 18 N at 16° flexion.

Laxity prediction of the physiologic joint

The comparison of the numerically predicted joint laxity with the in-vitro results showed
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Figure 7.16: Boxplots showing the deviations in translations (x, y, z) and rotations (↵, �,
�) in the single directions in dependence of the pressure module for simula-
tions of an anterior drawer test.

di↵erences greater than 25 % in all directions and flexion angles. In the following the nu-
merical and percentage di↵erences as well as the RMSEs between the in-vitro and in-silico
laxity values are presented. The comparison of the results for the anterior joint laxity
between in-silico and in-vitro examinations showed RMSEs in a range of 1.7 ± 1.1 mm
(25±13 %) at 30° flexion and 3.3±2.2 mm (30±23 %) for 60° flexion. The lowest percent-
age deviation for anterior laxity was observed at 30° flexion. For posterior laxity, similar
RMSEs of 1.8±2.4 mm for 0° and 6.9 mm (82 %) for 90° flexion were found. Whereby the
posterior laxity at 90° flexion could only be successfully calculated in one of the models.
The lowest percentage deviation was found with 26±47 % for 0° flexion. The inferior joint
laxity was numerically predicted lower than in the in-vitro studies. The RMSEs ranged
from 0.4 ± 0.2 mm (49 ± 29%) for 0° flexion to 2.1 ± 1.4 mm (49 ± 29 %). The smallest
percentage deviations of 49 ± 27 were found for 30° flexion. For coupled varus-valgus
rotation in inferior joint laxity RMSEs were found in a range of 1.8 ± 2.4° for 0° flexion
and 6.0 ± 1.6° for 90° flexion. For the varus joint laxity, RMSEs of 1.0 ± 0.9° (48 ± 31
%) for 0° of flexion and up to 6.9 ± 3.4° (84 ± 57 %) for 90° of flexion, corresponding to
the highest percentage deviation, could be found. The lowest percentage deviation could
be observed with 35± 28 % (RMSE 1.7± 1.1°) at 30° flexion. The results of the internal
joint laxity di↵ered when comparing the numerically and experimentally determined data
with RMSEs from 6.5 ± 3.8° (56 ± 28 %) at 0° flexion to 12.7 ± 7.6° (74 ± 30 %) at 90°
flexion which also corresponds to the highest percentage deviation. The lowest percentage
deviation could be found with 46± 39 % (RMSE 9.2± 5.3°) at 30° flexion.

Laxity prediction of the joint after meniscus removal

The removal of the menisci in the numerical model resulted in only minor changes in
laxity in almost all directions compared to the results in physiologic condition. Thus, the
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Figure 7.17: Anterior translation of the tibia relative to the femur during flexion motion
from 0° to 90°. The solid line shows the mean values of the model predictions,
standard deviation is given by the grey band. The doted line, with data points
and whiskers shows the data from the literature [165, 145, 54, 32, 134].

Figure 7.18: Internal rotation of the tibia relative to the femur during flexion motion from
0° to 90°. The solid line shows the mean values of the model predicitions,
standard deviation is given by the grey band. The doted line, with data
points and whiskers shows the data from the literature [165, 145, 54, 32].

largest di↵erence of the anterior laxity was 0.3± 0.5 mm at 60° flexion and the posterior
laxity 1.85 mm at 90° and 0.6 ± 0.6 mm at 15° flexion. For the inferior joint laxity the
largest di↵erences for the inferior translation were 0.2± 0.4 mm at 30° flexion and for the
coupled varus-valgus rotation 0.1± 0.3° at 60° flexion. For the varus laxity the largest dif-
ference was 1.1±2.0° at 30° flexion. Only for the internal rotation laxity larger di↵erences
could be observed: the di↵erences were 2.5 ± 5.5°, 8.7 ± 10.9°, 14.2 ± 11.6°, 6.3 ± 7.4°,
3.6± 4.6° in 0°, 15°, 30, 60° and 90° flexion, respectively.

Laxity prediction of the joint after ACL transection
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Figure 7.19: Mean Forces of single ligaments during flexion from 0° to 90°. Data of the
sMCL, dMCL, LCL, ACL, PCL, POL, OPL, ALL and capsule are given.
Grey bands present standard deviations.

Figure 7.20: Box Plots showing the anterior (left) and posterior (right) laxities of the knee
joint from 0° to 90° of flexion. Presented are the numerically determined lax-
ities with the knee in physiologic condition and after removal of the menisci.
Furthermore, the experimentally determined physiologic knee laxities of all
subjects which were also numerically modelled, are presented.

After the respective removal of the anterior cruciate ligament from the subject-specific
models, only five models could be successfully solved. The model reacted to an anteriorly
directed load with an increased translation of 10.0± 2.3 mm at 0° flexion to 21.95 mm at
90° flexion, compared to the measurements in the native state. The anterior joint laxity
for the flexion angles 60° and 90° could only be evaluated with one model. The posterior
joint laxity increased only slightly after ACL removal in a range of 0.1 ± 0.2 mm at 30°
flexion to 1.9± 2.2 mm at 90° flexion. The inferior translation due to an inferior force also
increased only slightly in the model by 0.05±0.29 mm at 15° flexion to 0.3±0.3 mm at 90°
flexion. The coupled varus-valgus rotation during inferior loading also changed to a range
of 0.1± 0.5° at 0° flexion to 0.8± 0.7° at 30° flexion. The removal of the ACL with regard
to the varus laxity showed a greater e↵ect. Here an increase in the range of 0.7±1.3° with
0° flexion to 3.7 ± 5.4° with 90° flexion could be observed. An even greater e↵ect could
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Figure 7.21: Box Plots showing the inferior translations (left) and coupled varus-valgus
rotations (right) for the inferior joint laxities of the knee joints from 0° to 90°
of flexion. Presented are the numerically determined laxities with the knee
in physiologic condition and after removal of the menisci. Furthermore, the
experimentally determined physiologic knee laxities of all subjects which were
also numerically modelled, are presented.

be observed for the internal rotation joint laxity. The gain in joint laxity ranged from
2.8± 5.0° at 90° to 12.6.8± 11.9° at 30° flexion.

7.3 Discussion

A subject-specific model simulating the laxity of the knee joint could help to better un-
derstand the function of individual ligament structures of the knee joint. In addition,
this could be used in the future to pre-operatively plan a required soft-tissue balancing
procedure of the knee during total knee arthroplasty. The aim of this study was, there-
fore, to develop a simulation model of the knee in which subject-specific properties can
be taken into account and with which the laxity of the knee joint can be calculated as a
function of the soft-tissue situation. Furthermore, the aim of this work was to analyze the
simulation model with regard to the sensitivity of the model to the changes of individual
model parameters and to examine it with regard to a later clinical applicability.

Ten subject-specific multibody simulation models were created based on MRI data from
ten of the knee specimens examined in-vitro. Due to model instability during ligament
calibration only seven models could finally be used for further analysis. The numerical
prediction of joint laxity was an essential goal of the modeling in this thesis. A calculation
of the laxity was not possible for all directions due to the model instability. This problem
could not be solved even after adaptation of numerous parameters. An exact cause for the
direction-dependent model instability could not be identified in the context of the present
work and is a goal of future investigations.

Due to the low contrast range of the images, the segmentation of the bone geometries from
the MRI data could only be performed with manual and thus very time- and resource-
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Figure 7.22: Box Plots showing the varus (left) and internal rotation (right) laxities of
the knee joint from 0° to 90° of flexion. Presented are the numerically deter-
mined laxities with the knee in physiologic condition and after removal of the
menisci. Furthermore, the in-vitro determined physiologic knee laxities of all
subjects which were also numerically modelled, are presented.

consuming techniques. This is critical with regard to clinical application. Manual segmen-
tation techniques are not suitable for such an application and would have to be performed
by semi-automatic or automatic segmentation techniques [144]. Furthermore, the attach-
ment sites of the largest ligament structures only could be determined from the MRI data.
Due to the low contrast range in the MRI data between the sought structures and the sur-
rounding tissue, it was not possible to localize the attachment sites of capsule structures
or smaller ligament structures such as the ALL or the POL. The data and their segmen-
tations were also subject to a certain inaccuracy due to the resolution, contrast range,
and spacing of the MRI sectional images. Although this inaccuracy was not evaluated in
the context of this work, other studies were able to show that the segmentation of long
bones can be realized with a mean accuracy of 0.56 mm [228] and the cartilage surfaces
of the knee with 0.22 mm [44]. According to a study by Rachmat et al., however, the
segmentation of ligament attachment sites is critical. On a knee specimen, they investi-
gated the accuracy as well as the inter- and intra-observer reliability of the attachment
site determination from MRI data. They found dependent on the individual structure
inter-observer accuracies ranging from 5.0 mm to 23.4 mm and intra-observer accuracies
from 4.1 mm to 31.8 mm relative to physical measurements [196]. When evaluating these
investigations, however, it should be noted that an exact localization and definition of the
attachment sites with physical measurements on the specimen is just as di�cult due to
the usually large irregular attachment areas. This was also shown in the course of own
dissections on the specimens.

The transfer of the individual bone geometries and ligament attachments to the simulation
model again required considerable manual adaptations of the model for each individual
subject. With the integration of a morphing algorithm, a method could be integrated with
which the ligament attachment sites of a generic model could be transferred to subject-
specific bone models. This morphing algorithm based on radial basis functions worked
reliably for the investigated ligaments. An influence of the type of radial basis function
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and the number of reference points used for the morphing could not be found. The mean
deviation of the prediction of 1.1 mm at a precision of 2.8 mm was in the range of an
algorithm for estimation of the ligament attachment sites at CT data presented by Ascani
et al. where the estimates were also compared to direct measurements on MRI data [15].
In another study, Pellikaan et al. also investigated a morphing algorithm to estimate
muscle insertions. In comparison with ex-vivo insertions an accuracy of 15 mm [185] was
found. Considering the investigations by Rachmat et al. which could show a low accuracy
for the MRI based detection of the ligament attachment sites [196], it can be assumed
that the estimation of the ligament attachment sites with an RBF function with less e↵ort
yields results in the range of manual segmentation.

No previous study further analyzed the e↵ects of such inaccuracies. Within the scope of
this work, a variation of the ligament attachments by a maximum of 5 mm per direction
and attachment site showed a considerable influence on the simulation results when ap-
plying to the developed model. With regard to the calculation of the knee laxity as a
result of an anteriorly directed load on the tibia, it was shown that the position of certain
ligament attachments had a particularly large influence on the results. These investi-
gations, therefore, suggest that subject-specific models of the knee joint are subject to a
relevant modeling error due to the complexity of the ligament attachment sites. This poses
considerable challenges with regard to the future clinical application of a subject-specific
model. Only data from medical imaging would be available for such a model. In addition,
it is not possible to determine the attachment site for some of the stabilizing structures
using MRI data, so that these have to be estimated based on anatomical studies, which
represents a further inaccuracy of the model. Accordingly, for a clinical application of a
numerical model for the simulation of the joint laxity, a method would first have to be
developed which allows a non-invasive recording of the ligament attachment sites with
su�cient accuracy.

The extension of the multibody simulation model by a so-called Force Dependent Kine-
matic approach together with a contact model between femur and tibia, as well as between
femur and the two menisci made it possible to model a femorotibial joint with five DOFs,
in order to be able to predict joint laxity. The contact forces were calculated for the
contact triangles of the meshes of femur and tibia. The sensitivity analysis of the mesh
refinement showed that the mesh of the models can be reduced by 1/4 without influencing
the calculations of the joint laxity. This may save computing time. The pressure module,
which establishes the relationship between the penetration volume of the bodies in con-
tact and the contact force, showed a considerable influence on the result of the joint laxity
calculations with an inverse proportional magnification of the laxity with reduction of the
pressure module. This behavior is plausible and can be explained by the fact that the
force in individual ligaments is reduced due to a stronger penetration of the bone models
as a result of a lower pressure module, which increases the laxity of the joint. With regard
to subject-specific modeling, however, there is a fundamental problem that there is no
physical equivalent for this pressure module. This makes a realistic and subject-individual
mapping of the joint contact considerably more di�cult. In addition, the sensitivity anal-
ysis of the pressure module showed that many values of this model parameter do not allow
a successful calculation of joint laxity as the calculations are aborted by the system. This
fact further limits the applicability of the contact model.

The initial position of the femorotibial joint was another parameter with a considerable
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influence on the simulation results. A change of the initial joint position by 5 mm or 1.5°
showed a considerable influence on the flexibility of the joint. In the present study, this
influence was addressed by deriving the initial joint position from the MRI data. This or
a similar approach is recommended to avoid inaccuracies in modeling in this context.

In addition to the sensitivity analysis, another major objective of this study was to evalu-
ate the basic function of the simulation model and to test the suitability of the model for
the numerical prediction of the subject-specific joint laxity. In order to realize a realistic
function of the ligaments, a calibration of the ligaments based on the literature data was
performed before the simulation of joint laxity. However, only limited information was
available for the ligament calibration. Above all, the definition of the slack length of the
individual ligaments posed a great challenge. Currently there are only very few publica-
tions in which the force within individual ligament structures was directly investigated
[155, 157, 195]. However, also for these investigations of the cruciate ligaments, the lig-
ament structures were first loosened in order to attach them to a load cell. Statements
about the natural soft-tissue tension are, therefore, not feasible even with these investiga-
tions. For all modeled structures it was, therefore, only possible to fall back on studies in
which the change in length of the ligaments during joint flexion was examined by means of
medical imaging. Though, the length changes of the ligament structures give only vague
indications of the actual slack lengths of the individual ligaments. This kind of studies
were not available for all modeled ligament structures, so that for the capsule structures,
the POL and OPL the flexion angle where the structures become slack had to be esti-
mated. This limited access to functional properties of individual soft-tissue structures is
an important aspect that prevents the modeling of further soft-tissue structures.

Nevertheless, following ligament calibration, plausible results were obtained with regard to
joint kinematics for simulated joint flexion. The data from the simulations show a femoral
rollback i.e. femorotibial translation equal to that of a healthy knee joint, with an almost
linear increase in posterior translation of the tibia with increasing flexion angle. Regarding
the axial rotation of the tibia, a very good agreement with the literature data was found
in the range of 0-45°, with an internal rotation of the tibia of about 6° within the first 15°
of flexion. For higher flexion angles, larger deviations could be found in direct comparison
to the literature. It should be noted here that the literature data for large flexion angles
of 60° and more vary widely. This can probably also be explained by the fact that the
internal-external rotation laxity of the joint is greatest at flexion angles of 60° and more
and, therefore, the kinematics of the joint is strongly influenced by boundary conditions.
One reason for the deviation of the numerically predicted kinematic of the knee could
be the missing femoropatellar joint which stabilizes the femorotibial joint by sliding the
patella in femoral groove with increasing flexion.

When comparing the predicted changes in lengths of the ligaments during flexion motion
with experimentally determined changes in length from the literature, similar patterns
could be found for some ligaments. The increase in length of both bundles of the PCL
from extension to flexion is in agreement with investigations by Belvedere et al. on ten
human knee specimens. In the study an increase in length of 27 % and 15 % could be
observed for the alPCL and pmPCL during flexion from 0° to 120° [22]. The shortening
of the LCL observed in the simulations from 0° extension to 90° flexion is also in line with
the investigations of Belvedere et al. In their study the LCL shortened from extension
to 90° flexion by 15 %, while in the simulation a shortening of 9 % could be observed
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[22]. The predicted length change of the ALL also shows a tendency to coincide with the
investigations of Zens et al. on six cadaveric specimens [259]. They found an increase in
the length from joint extension to 90° flexion in a range of 8 % to 22 %. In comparison to
this, the results of the simulations showed an average increase of 17 %.

However, for the proportions of the MCL and the ACL there were larger di↵erences com-
pared to the literature data. In the Belvedere study, the measurement of the length
changes of the two bundles of the ACL and the MCL showed a decrease in length from
0° to 90° flexion [22]. The numerical calculations, on the other hand, showed an increase
in the length of the ligaments. Other studies by Hosseini et al. and Park et al., who also
examined the change in length of MCL in joint flexion, observed an increase or decrease in
length from 0° to 90° flexion depending on the bundle [96, 180]. The deviations between
the simulation and the literature data can possibly be explained by the abnormalities of
joint kinematics at high flexion angles. Another explanation is provided by a sensitivity
study on the length change patterns in insertion site selection [105]. The research group
demonstrated using the ACL that an increase or decrease in ligament length from 0° to 90°
flexion depends on the choice of the attachment site. A shift of the femoral attachment site
by 6 mm to the anterior significantly changed the behavior of the length change pattern
[105]. Since, according to current knowledge, a recording of the ligament attachment sites
with a significantly better accuracy than 6 mm cannot be guaranteed, the investigations
on the length changes of the ligaments, which are mostly based on MRI data, must be
interpreted with caution.

When looking at the ligament forces, the OPL and the capsule showed themselves to be
the most tense structures in extension. This is in accordance with biomechanical studies
on human joint specimens investigating the function of posterior structures. Therein it
could be shown that particularly the OPL and the posterior capsule prevent the joint
from hyperextension [169, 27]. On the other hand, according to the simulation results, the
posterior cruciate ligament is the most tense ligament in flexion. This is plausible as the in-
vitro studies in the context of this dissertation showed the function of the PCL as primary
restraint to posterior tibial translation especially at high flexion angles (section 6.2). The
increase in tension of the ACL with increasing flexion angle is in contrast to two studies.
On knee specimens in which a tensiometer was attached to the ligament attachment, the
ligament forces were investigated without further joint loading. The investigations showed
a tension of the ligament only in extension and for low flexion angles [155, 195]. However,
a recent study by Markolf et al. using the same method but the knee joint additionally
subjected to an axial load (500 N) during flexion, showed an increase in force in the anterior
cruciate ligament with increasing flexion [157]. Accordingly, the tension of the ACL as
well as the anterior translation of the tibia during flexion seems to be dependent on an
axial load. Since passive flexion was also performed with a slight axial load (20 N) in the
numerical calculations, this could to some extent explain the di↵erences to the other two
studies. In summary, a plausible model behavior could be demonstrated from this first
indirect validation of the developed models, which allowed further investigations.

The laxity investigations on the model showed similar results compared to the in-vitro
investigations in the area of scale. The RMSEs ranged from 0.4 mm to 6.9 mm for the
translations and 1.0° to 6.9° for the rotations. Particularly noticeable were the considerably
lower calculated laxity values for high flexion angles of 60° and 90° compared to the in-
vitro results. These abnormalities were also found in other numerical studies [89, 251]. The
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reason for this could be the considerable reduction of the ligaments to one to three bundles,
which were calibrated in the same form. Together with a very simple attachment site
definition, the ligament bundles in the form of non-linear springs may not adequately reflect
the complex biomechanics of the ligaments. A more complex calibration of individual
bundles within a ligament in order to reflect di↵erent functions of individual bundles over
the range of motion could help in this respect. Another aspect that might explain the
deviation of the predictions from the experimental values is the modeling of the ligaments
based on literature data. The destructive in-vitro method made it impossible to determine
representative mechanical ligament properties after extensive in-vitro investigations on
the robot. The individual adaptation of the ligament properties would most likely have
improved the accuracy of the model.

The results of the laxity examinations after removal of the menisci could only partially
reflect the results observed in the in-vitro study. An influence on the anterior translation
could not be determined, but there was an increase of the internal rotation after removal
of the menisci, which could also be observed in the in-vitro experiments. The meniscus
model in its current form is kept reduced in order to not further increase the instability
of the numerical model. The mechanical function of the meniscus was realized exclusively
by a contact modeling between femur and meniscus. The movement between tibia and
meniscus was not considered. In addition, the selected pressure module for the meniscus is
based only on a simple estimate, since there is no physical equivalent for this case either.
As the joint model was essentially developed for the knee arthroplasty, in which the menisci
are removed anyway except for the unicompartimental replacement, this simplification is
acceptable. For investigations in which the menisci play a greater role, the model should be
extended accordingly by a tibial contact model and the ligament structures of the menisci.
In order to better consider the deformation of the menisci in the multibody simulation
model, a modelling according to Guess et al. could also be useful, in which the meniscus
geometry is divided into numerous small rigid bodies which are then held together by
springs [79].

The removal of the anterior cruciate ligament in the simulation model essentially reflected
the findings from the in-vitro investigations. A direct comparison of the results from the
models with the experimentally determined data showed that the numerical simulation
slightly overestimated the influence of the anterior cruciate ligament on anterior laxity.
With an optimization of the ligament calibration by individually calibrating single bundles
of a ligament and the addition of subject-specific ligament properties to the model, the
model seems well suited for the fundamental investigation of knee laxity depending on the
condition of the soft-tissue envelope. However, the removal of a ligament further increased
the instability of the model, whereby only a maximum of five models could be successfully
solved, depending on the loading direction and flexion angle.

The biggest issue with the developed model was the great instability of the model. The
stability was influenced by numerical values of single simulation parameters like the pres-
sure module, prevented a calibration of the ligament structures in three models, limited
the laxity investigations in single loading directions and complicated the laxity investi-
gations after removing the ACL. According to information from the manufacturer of the
simulation platform, this problem is generally known. To solve the instability the Anybody
Modelling software o↵ers the possibility to increase the acceptable error in the calculation
of the contact forces in order to solve the force dependent kinematics, but the calculations
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of the joint laxity are significantly influenced by this. On the other hand, it is possible
to supplement the DOFs of the model with a so-called gearing in order to harmonize the
DOFs in their behavior. However, this measure also influences joint laxity. In order to
control the instability observed, a detailed investigation of the mentioned options must be
carried out to achieve a parameterization of the model that allows a robust calculation
but does not significantly influence the joint laxity. Furthermore, the addition of further
soft-tissue structures to the model could be helpful to increase the stability of the model,
especially after removal of individual ligament structures. Since the mechanical properties
of many smaller soft-tissue structures are still unknown, further in-vitro investigations on
material samples will have to be carried out in future work.

The numerical model developed within the framework of this work is based on several
simplifications of the real knee joint, so that some further limitations of the model itself and
the studies carried out with it should not remain unmentioned. According to the findings
from the sensitivity studies performed in this dissertation, it must be assumed that the way
of modeling the ligaments has a considerable influence on the model accuracy. This aspect
should be critically questioned in future studies and further investigated with regard to
the goal of applying such a simulation model clinically. In this context, it is important
to note that the ligament calibration for these studies has been greatly simplified. A
calibration of the ligaments as performed for the model validation requires a computation
time of about 24 hours. Parameter studies with 100 or 200 individual tests for each of
which a new ligament calibration was necessary, these investigations would not have been
possible within a reasonable period of time. Since the mechanical properties of many
smaller structures are unknown in addition to the missing information on the ligament
attachment sites, it was not possible to model all soft-tissue structures such as large parts
of the joint capsule. Since these structures have a much smaller cross-section, it can be
assumed that these structures are of secondary importance from a mechanical point of
view and the influence of the missing soft-tissue structures is, therefore, negligible for the
investigations carried out. The femoropatellar joint was not modelled in this thesis to limit
the model complexity and not to enhance the instability of the FDK algorithm provided
by Anybody. Since the patella is relevant for the function of the quadriceps muscle and
the developed model deals exclusively with the passive structures, a negligible influence
of the femoropatellar joint was assumed. Nevertheless, an influence of the missing patella
on the kinematics of the numerical model cannot be excluded.

In summary, in this work subject-specific multibody simulation models could be devel-
oped, with which the laxity of the knee joint, especially in the area of low flexion angles,
can be well reproduced. The presented procedure for the approximation of the ligament
attachment sites represents a time-saving alternative to the segmentation of the attach-
ment sites in MRI data. The instabilities of the models in the numerical solution have to
be regarded as critical. In future work further investigations must show to what extent
these instabilities can be reduced.
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Even after decades of implant and tool development and the continuous improvement of
surgical procedures, knee endoprosthetics fell short of expectations. The strong soft-tissue
guidance and stabilization of the knee makes it di�cult to restore complete joint function
with natural kinematics. These challenges in endoprosthetics can only be met with a
particularly strong focus on soft-tissue structures. To this day, the assessment and adap-
tation of the soft-tissue envelope in endoprosthetics is a subjective process that is strongly
dependent on the surgeon. This dissertation addresses these resulting challenges, provides
quantitative guidelines for soft-tissue balancing based on analyses of the natural knee joint
and describes the adjustment ability of the knee laxity by adaptation of individual soft-
tissue structures. Furthermore, investigations within the scope of the dissertation form
the basis for a numerical tool to better understand the function of the ligaments and to
better plan the soft-tissue balancing pre-operatively in the future.
The asymmetry of the soft-tissue structures quantified in the dissertation and the strong
dependence of joint laxity on the flexion angle illustrate the complex construction and
biomechanical function of the knee joint. This is not considered in the mechanical align-
ment and the associated balancing techniques which aim to achieve a symmetrical and
equal joint gap in flexion and extension. From the data obtained, it can be concluded that
a technique such as gap balancing greatly alters the laxity of the joint, possibly leading to
unnatural joint function, especially in mid-flexion, and contributing to the lack of function
of the joint replacement. The data also underlines that the evaluation of the joint laxity
only at 0° and 90° of flexion is not su�cient to assess the function of the prosthesis. An
additional quantitative evaluation at 30° and 60° flexion could significantly contribute to
avoid postoperative instability of the joint. For surgeons who favor surgical techniques
aimed at restoring natural joint laxity as well as possible, the data collected in the context
of the dissertation provide quantitative target parameters for soft-tissue management for
the first time.

The developed guidelines, together with the computer- and robot-supported instruments
available today, with which the joint laxity can be quantified intra-operatively, provide
the basic requirements for the reconstruction of natural joint laxity in knee arthroplasty
procedures. The findings from the in-vitro investigations in the context of this dissertation
show on the one hand that an intra-operative measurement of joint laxity is not biased
by the surgical approach and on the other hand provide important information on which
structures can be addressed in order to compensate for deviations from the desired joint
laxity within the scope of soft-tissue management. The findings also show that, for exam-
ple, the removal of the anterior cruciate ligament alters the stability of the joint in such a
way that restoration of natural joint laxity is a goal that can no longer be achieved. By
using prosthesis designs that allow the preservation of the anterior cruciate ligament to-
gether with a kinematic alignment approach, the goal of a knee arthroplasty with natural
joint restraints could be achieved closest.

In the context of this dissertation, also a numerical knee model was developed to predict
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the laxity of the knee joint using multibody dynamics. The radial basis functions based
morphing method for the estimation of the ligament attachment sites, which was inte-
grated into the model, is a robust method. It allows a good estimation of the ligament
attachment sites with considerably less e↵ort compared to a manual segmentation of the
attachment sites from MRI data. The applied contact model allows a convincing simu-
lation of the movement within the joint, but also leads to an inherently unstable model,
so that in some situations no result can be calculated. The pressure module as essential
parameter for the control of the joint contact has to be considered critical with regard to
a later clinical application of the model since no physical equivalent exists for this param-
eter. The modeling of the ligaments and their calibration allow a good prediction of joint
laxity for low flexion angles. In order to achieve a realistic behavior of the joint over the
entire flexion range of the knee joint, a more complex modeling of the ligaments and an
adapted calibration of individual bundles within a modelled ligament may be necessary.
The achievements of this dissertation provide basic guidelines and recommendations to
restore the soft-tissue restraints of the natural knee joint even with implantation of a knee
prosthesis.

In the following the perspectives in research based on the findings of this dissertation are
presented. The main focus is on the interaction between individual soft-tissue structures
of the knee joint with regard to soft-tissue balancing and to advance the numerical knee
model as a link between experimental research and clinical application of the knee joint
arthroplasty. The numerical model built up in this dissertation is primarily the fundament
for further developments. The focus of the following work must be first and foremost
on improving the robustness of the model. The stabilization approaches mentioned in
section 7.3 must be investigated in parameter studies to keep the influence on joint laxity
as small as possible. With the implementation of a more complex ligament calibration,
a more realistic representation of the ligament function over the entire range of motion
of the knee can be realized. A further model validation should then provide information
on this, whereby subject-specific models should be analysed after transferring also the
mechanical properties of the ligaments from the specimens to the model. In the course of
tissue characterization, as many individual structures as possible should be characterized
in order to supplement the simulation model with additional soft-tissue structures. In
further biomechanical investigations of joint specimens, the influence of individual bundles
of the largest ligament structures on joint laxity should be further investigated. The data
obtained could then provide further information on the function of individual ligament
components at di↵erent flexion angles 1. This would be an important contribution to
model the ligament function more realistically in the numerical model, but above all these
findings could contribute to a more targeted adaptation of the soft-tissue structures during
joint arthroplasty procedures.

1The data obtained and the model created in this dissertation are completely documented and available
to further researchers at the Laboratory for Biomechanics and Biomaterials at the Hannover Medical
School.
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A Appendix - Soft tissue laxity of the healthy

knee joint

A.1 Search strategy used for literature search in the

meta-analysis

Pubmed

(”1996/01/01”[PDAT] : ”2016/12/31”[PDAT]) AND ((”posteromedial”[All Fields] OR
”posterolateral”[All Fields] OR ”medial”[All Fields] OR ”lateral”[All Fields] OR ”varus”[All
Fields] OR ”valgus”[All Fields] OR ”anterior”[All Fields] OR ”posterior”[All Fields] AND
(”structures”[All Fields] OR ”ligament”[All Fields]) AND (”in vitro techniques”[MeSH
Terms] OR (”vitro”[All Fields] AND ”techniques”[All Fields]) OR ”in vitro techniques”[All
Fields] OR ”vitro”[All Fields] OR ”in vitro”[All Fields]) AND (”knee”[MeSH Terms] OR
”knee”[All Fields] OR ”knee joint”[MeSH Terms] OR (”knee”[All Fields] AND ”joint”[All
Fields]) OR ”knee joint”[All Fields])) OR (”cadaveric”[All Fields] AND ”knee”[All Fields]
AND ”ligament”[All Fields] AND ”biomechanical”[All Fields])) OR (”in vitro”[All Fields]
AND ”laxity”[All Fields] AND (”ligaments”[MeSH Terms] OR ”ligaments”[All Fields] OR
”ligament”[All Fields]) AND ”knee”[All Fields])

Web of Science

PY=(1996-2016) AND TI=(posteromedial OR posterolateral OR medial OR lateral OR
varus OR valgus OR anterior OR posterior) AND TI=(structures OR Ligament) AND
TI=(vitro OR in-vitro OR biomechanica OR cadaveric) AND TI=(knee OR knee joint)
OR TI=(laxity and knee)

A.2 Details of the included studies
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A Appendix - Soft tissue laxity of the healthy knee joint
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A Appendix - Soft tissue laxity of the healthy knee joint
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A Appendix - Soft tissue laxity of the healthy knee joint

A.3 Supplementary material to the results

Table A.3: Asymmetry in laxity dependent on the flexion angle for the direction: anterior-
posterior, varus-valgus, and internal-external rotation. Mean di↵erences, the
95% confidence Interval (CI) and the p values are shown.

anterior - posterior
translation

varus - valgus
rotation

internal - external
rotation

Flexion
/ deg

Mean
dif. /
mm

95%
CI

p
value

Mean
dif. /
mm

95%
CI

p
value

Mean
dif. /
mm

95%
CI

p
value

0 -2.64 -2.95,
-2.33

<0.001 -0.17 -0.34,
0.005

0.041 1.52 0.24,
2.80

0.02

15 -0.27 -0.59,
0.06

0.10

30 -0.77 -1.09,
-0.45

<0.001 -1.85 -2.20,
-1.50

<0.001 3.31 2.03,
4.59

<0.001

60 -0.73 -1.05,
-0.41

<0.001 -1.38 -1.68,
-1.08

<0.001 1.63 0.29,
2.97

0.02

90 -0.92 -1.25,
-0.58

<0.001 0.10 -0.37,
0.16

0.045 -1.44 -2.76,
-0.13

0.03
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A.3 Supplementary material to the results

Table A.4: Change in laxity dependent on the flexion angle for the anterior and posterior
direction. Mean di↵erences, the 95% confidence Interval (CI) and the p values
are shown.

anterior translation posterior translation

Change in
flexion /

deg

Mean
dif. /
mm

95% CI p value Mean
dif. /
mm

95% CI p value

0:15 1.74 1.55, 1.92 <0.001 0.57 0.411, 0.73 <0.001

0:30 2.55 2.23, 2.76 <0.001 0.55 0.38, 0,72 <0.001

0:60 1.71 1.50, 1.92 <0.001 -1.12 -1.28, -0.95 <0.001

0:90 0.94 0.74, 1.14 <0.001 -0.35 -0.54, -0.17 <0.001

15:30 0.81 0.58, 1.04 <0.001 -0.02 -0.18, 0.15 0.84

15:60 -0.02 -0.26, 0.21 0.85 -1.69 -1.85,-1.52 <0.001

15:90 -0.8 -1.03,-0.57 <0.001 -0.92 -1.1, -0.74 <0.001

30:60 -0.84 -1.08, -0.59 <0.001 -1.67 -1.82, -1.52 <0.001

30:90 -0.16 -1.85, -1.38 <0.001 -0.90 -1.090, -0.72 <0.001

60:90 -0.78 -1.02, -0.54 <0.001 0.77 0.58, 0.95 <0.001

Table A.5: Change in laxity dependent on the flexion angle for the varus and valgus rota-
tion. Mean di↵erences, the 95% confidence Interval (CI) and the p values are
shown.

varus rotation valgus rotation

Change in
flexion /

deg

Mean
dif. /
mm

95% CI p value Mean
dif. /
mm

95% CI p value

0:30 2.42 2.14, 2.71 <0.001 3.47 3.24, 3.7 <0.001

0:60 2.24 1.94, 2.55 <0.001 2.4 2.14, 2.66 <0.001

0:90 1.61 1.30, 1.91 <0.001 4.25 3.88, 4.61 <0.001

30:60 -0.18 -0.51, 0.15 0.28 -1.076 -1.30, -0.84 <0.001

30:90 -0.82 -1.18, -0.46 <0.001 0.78 0.38, 1.18 <0.001

60:90 -0.64 -1, -0.28 <0.001 1.85 1.43, 2.26 <0.001
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A Appendix - Soft tissue laxity of the healthy knee joint

Table A.6: Change in laxity dependent on the flexion angle for the internal and external
rotation. Mean di↵erences, the 95% confidence Interval (CI) and the p values
are shown.

internal rotation external rotation

Change in
flexion /deg

Mean
dif. /
mm

95% CI p value Mean
dif. /
mm

95% CI p value

0:30 6.56 5.93, 7.19 <0.001 4.96 4.12, 5.81 <0.001

0:60 5.60 4.95, 6.26 <0.001 7.31 6.46, 8.16 <0.001

0:90 1.62 1.01, 2.24 <0.001 6.42 5.5, 7.35 <0.001

30:60 -0.96 -1.69, -0.23 0.01 2.35 1.43, 3.26 <0.001

30:90 -4.94 -5.64, -4.24 <0.001 1.45 0.46, 2.44 0.004

60:90 -3.98 -4.67, -3.27 <0.001 -0.89 -1.87, 0.09 0.075

Table A.7: Mean values and standard deviations (SD) of the anterior joint laxity with
regard to the flexion angle. One column showing values of all data and one
data of the most often used testing method.

All data 134 N, RTD

Flexion angle
/ deg

Mean tranlsation /
mm

SD / mm Mean tranlsation /
mm

SD / mm

0 4.31 1.45 4.48 1.47

15 6.52 2.13 7.01 2.30

30 7.38 2.28 8.28 2.52

60 6.54 2.28 7.48 2.49

90 5.79 2.22 6.55 2.60
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A.3 Supplementary material to the results

Table A.8: Mean values and standard deviations (SD) of the posterior joint laxity with
regard to the flexion angle. One column showing values of all data and one
data of the most often used testing method.

All data 134 N, RTD

Flexion angle
/ deg

Mean tranlsation /
mm

SD / mm Mean tranlsation /
mm

SD / mm

0 5.51 1.46 6.35 1.73

15 5.57 1.44 6.18 1.36

30 5.99 1.71 6.25 2.17

60 4.74 1.58 5.04 1.96

90 5.01 1.62 5.49 1.97

Table A.9: Mean values and standard deviations (SD) of the varus joint laxity with regard
to the flexion angle. One column showing values of all data and one data of
the most often used testing method.

All data 134 N, RTD

Flexion angle
/ deg

Mean tranlsation /
mm

SD / mm Mean tranlsation /
mm

SD / mm

0 2.49 1.05 2.38 0.86

30 4.30 1.26 3.70 1.34

60 4.53 1.33 4.66 1.34

90 4.92 1.33 4.72 1.38

Table A.10: Mean values and standard deviations (SD) of the valgus joint laxity with
regard to the flexion angle. One column showing values of all data and one
data of the most often used testing method.

All data 134 N, RTD

Flexion angle
/ deg

Mean tranlsation /
mm

SD / mm Mean tranlsation /
mm

SD / mm

0 3.00 0.65 3.38 0.65

30 5.45 1.80 5.13 1.97

60 6.96 2.96 6.65 3.37

90 6.67 2.45 6.43 3.17
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A Appendix - Soft tissue laxity of the healthy knee joint

Table A.11: Mean values and standard deviations (SD) of the internal rotation joint laxity
with regard to the flexion angle. One column showing values of all data and
one data of the most often used testing method.

All data 134 N, RTD

Flexion angle
/ deg

Mean tranlsation /
mm

SD / mm Mean tranlsation /
mm

SD / mm

0 10.98 3.36 11.12 4.50

30 18.27 5.46 18.50 6.08

60 19.39 5.88 20.44 6.66

90 18.09 5.86 18.08 6.37

Table A.12: Mean values and standard deviations (SD) of the external rotation joint laxity
with regard to the flexion angle. One column showing values of all data and
one data of the most often used testing method.

All data 134 N, RTD

Flexion angle
/ deg

Mean tranlsation /
mm

SD / mm Mean tranlsation /
mm

SD / mm

0 11.66 4.30 12.00 4.35

30 17.00 4.93 16.04 5.22

60 17.63 5.69 18.45 5.99

90 17.84 5.71 18.28 5.97
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B Appendix - In-vitro analysis of the balancing

capacity of the human knee in arthroplasty

procedures

Table B.1: Laxity of the knee joint in physiologic condition in anterior, posterior, infe-
rior (translation and varus-valgus rotation (VV)) direction and varus, valgus,
internal and external rotation in dependence on the flexion angle. Mean and
standard deviations (SD) are presented.

Laxity depending on the flexion angle (mean ±SD)

Direction 0° 30° 60° 90°
Anterior / mm 3.5± 1.9 6.9± 3.6 5.5± 2.7 4.4± 2.1

Posterior / mm 5.3± 2.0 6.7± 2.2 6.2± 3.1 5.7± 3.3

Inferior / mm 0.6± 0.5 2.2± 0.9 2.9± 2.0 2.9± 2.2

Inferior VV / deg 0.1± 0.9 1.1± 1.7 2.6± 2.7 3.1± 2.9

Varus / deg 1.8± 1.1 4.5± 1.6 6.0± 3.1 7.0± 4.4

Valgus / deg 1.7± 1.3 3.5± 1.8 3.4± 2.8 2.6± 1.9

Internal / deg 7.2± 4.5 18.9± 5.2 17.8± 6.4 16.5± 7.0

External / deg 10.2± 6.2 17.5± 4.5 18.9± 6.5 20.2± 7.7

XV



B Appendix - In-vitro analysis of the balancing capacity of the human knee in arthroplasty procedures

Table B.2: Laxity of the knee joint after surgical approach in anterior, posterior, inferior
(translation and varus-valgus rotation (VV)) direction and varus, valgus, in-
ternal and external rotation in dependence on the flexion angle. Mean and
standard deviations (SD) are presented.

Laxity depending on the flexion angle (mean ±SD)

Direction 0° 30° 60° 90°
Anterior / mm 3.5± 2.9 8.2± 4.7 7.0± 4.4 5.5± 3.0

Posterior / mm 5.2± 2.6 6.9± 2.5 6.0± 2.6 6.0± 3.2

Inferior / mm 0.7± 0.6 2.4± 1.2 2.9± 1.9 3.1± 2.0

Inferior VV / deg �0.4± 0.6 �0.3± 1.9 0.5± 3.7 1.6± 1.1

Varus / deg 1.7± 1.2 4.4± 1.5 5.8± 3.2 6.9± 4.1

Valgus / deg 1.6± 1.1 3.3± 1.4 3.0± 1.2 3.3± 3.8

Internal / deg 7.3± 5.5 20.8± 6.1 20.7± 7.7 19.0± 8.2

External / deg 9.2± 6.7 17.2± 3.8 18.9± 5.6 20.8± 6.9

Table B.3: Laxity of the knee joint in menisci deficient condition in anterior, posterior, in-
ferior (translation and varus-valgus rotation (VV)) direction and varus, valgus,
internal and external rotation in dependence on the flexion angle. Mean and
standard deviations (SD) are presented.

Laxity depending on the flexion angle (mean ±SD)

Direction 0° 30° 60° 90°
Anterior / mm 3.9± 2.9 10.0± 5.2 8.7± 6.0 7.6± 5.6

Posterior / mm 6.1± 3.0 6.3± 2.1 5.5± 2.5 5.5± 2.7

Inferior / mm 0.9± 0.7 3.1± 1.2 3.6± 1.8 4.1± 2.2

Inferior VV / deg �0.7± 0.9 �1.6± 2.0 �1.0± 3.6 0.2± 5.1

Varus / deg 2.1± 1.4 4.4± 1.8 5.7± 2.6 7.6± 2.8

Valgus / deg 2.1± 1.6 4.3± 1.9 4.1± 2.0 3.7± 2.0

Internal / deg 8.5± 6.0 23.4± 7.2 24.3± 9.1 23.3± 9.2

External / deg 10.6± 7.3 17.1± 5.7 18.0± 5.6 19.4± 5.5

XVI



Table B.4: Laxity of the knee joint in menisci and ACL deficient condition in anterior,
posterior, inferior (translation and varus-valgus rotation (VV)) direction and
varus, valgus, internal and external rotation in dependence on the flexion angle.
Mean and standard deviations (SD) are presented.

Laxity depending on the flexion angle (mean ±SD)

Direction 0° 30° 60° 90°
Anterior / mm 8.3± 4.4 18.5± 5.0 15.6± 7.1 13.0± 7.1

Posterior / mm 6.6± 2.7 6.4± 2.2 5.3± 2.6 5.8± 3.3

Inferior / mm 1.3± 0.9 3.4± 1.5 4.2± 2.3 4.5± 2.2

Inferior VV / deg �0.6± 1.0 �1.4± 2.2 �1.1± 3.8 0.0± 5.3

Varus / deg 2.3± 1.7 4.2± 2.3 5.4± 3.2 7.0± 3.6

Valgus / deg 2.1± 1.5 3.8± 2.2 3.7± 2.3 4.6± 5.3

Internal / deg 9.5± 7.1 22.4± 10.4 22.8± 11.7 21.7± 11.7

External / deg 10.2± 7.2 15.6± 7.5 16.7± 7.7 18.2± 8.0

XVII



B Appendix - In-vitro analysis of the balancing capacity of the human knee in arthroplasty procedures

XVIII



C Appendix - Investigation of an in-silico model

for laxity analysis of the knee joint

C.1 Accuracy and sensitivity analysis

Figure C.1: Correlation of the Euclidean distances of femoral ligament attachment sites
of single ligaments and the translations of the joint following an anterior load
of 134 N. The Euclidean distances describe the deviations from the ligament
attachment sites determined from MRI data.

C.2 Model validation

XIX



C Appendix - Investigation of an in-silico model for laxity analysis of the knee joint

Figure C.2: Correlation of the Euclidean distances of femoral ligament attachment sites
of single ligaments and the rotations of the joint following an anterior load
of 134 N. The Euclidean distances describe the deviations from the ligament
attachment sites determined from MRI data.
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C.2 Model validation

Figure C.3: Correlation of the Euclidean distances of tibial ligament attachment sites of
single ligaments and the translations of the joint following an anterior load
of 134 N. The Euclidean distances describe the deviations from the ligament
attachment sites determined from MRI data.
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C Appendix - Investigation of an in-silico model for laxity analysis of the knee joint

Figure C.4: Correlation of the Euclidean distances of tibial ligament attachment sites of
single ligaments and the rotations of the joint following an anterior load of
134 N. The Euclidean distances describe the deviations from the ligament
attachment sites determined from MRI data.

Figure C.5: Ligament length during knee flexion from 0 to 90°. Length of the anterior
(sMCLa), intermediate (sMCLi), and posterior (sMCLp) bundle is given. Grey
bands represent standard deviation.
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C.2 Model validation

Figure C.6: Ligament length during knee flexion from 0 to 90°. Length of the anterior
(dMCLa), intermediate (dMCLi), and posterior (dMCLp) bundle is given.
Grey bands represent standard deviation.

Figure C.7: Ligament length during knee flexion from 0 to 90°. Length of the anterior
(LCLa), intermediate (LCLi), and posterior (LCLp) bundle is given. Grey
bands represent standard deviation.

Figure C.8: Ligament length during knee flexion from 0 to 90°. Length of the anteromedial
(amACL) and posterolateral (plACL) bundle is given. Grey bands represent
standard deviation.
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Figure C.9: Ligament length during knee flexion from 0 to 90°. Length of the anterolateral
(alpCL) and posteromedial (pmPCL) bundle is given. Grey bands represent
standard deviation.

Figure C.10: Ligament length during knee flexion from 0 to 90°. Length of the medial (MC)
and lateral (LC) capsule is given. Grey bands represent standard deviation.

Figure C.11: POL length during knee flexion from 0 to 90°. Grey band represents standard
deviation.
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C.2 Model validation

Figure C.12: OPL length during knee flexion from 0 to 90°. Grey band represents standard
deviation.

Figure C.13: ALL length during knee flexion from 0 to 90°. Grey band represents standard
deviation.
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