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Preface xiii

Preface

Some people can be very enthousiast about a subject, spending a lot of their time on

it. Others are passionate and the subject becomes part of them. Without a doubt,

Prof. dr. ir. H.G. Stassen can be regarded as part of the second group. Somewhere

in 1998 he started up yet another project, aiming at the improvement of the shoulder

replacement. This project focuses on the patient, design and surgical factors and

is entitled ’DIPEX’, which stands for Development of Improved endo-Prostheses for

the upper EXtremities.

The present PhD thesis is part of this project, with a focus on the design of the

prosthesis and takes place at the Faculty of Aerospace Engineering, Section of Pro-

duction Technology. At first sight, this location may not seem to be the most

logical choice, but, during time, links with the medical oriented subject and the

engineering group became clear. Many engineers within the group can be seen as

non-conformists, having an open mind for new solutions and always come up with

unexpected design ideas. This is beneficial in a project in which new solutions for

complex problems must be found.

The result is a thesis, which describes both improvements of the presently used

anatomical prostheses as well as the exploration of conceptually new designs. Many

approaches have been used, with the help of many people from different disciplines.

Modelling (Chapters 4 and 9), experimental techniques (Chapters 5, 6, 7 and 9,

surface modification techniques (Chapter 8) as well as three-dimensional Computer-

Aided-Design (Chapter 10) have been used to come to the final result. Therefore,

the research in the thesis can rather be seen as a broad exploration of the possibil-

ities of the applied methods on the research aim, which is the improvement of the

glenohumeral prosthesis, then as fundamental research focusing on the improvement

of the method itself.
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Reader’s guide xv

Reader’s guide

Writing up the research of the present PhD study into a thesis is made challenging

as it is meant for readers from both the technical workspace as well as from the med-

ical field, for whom it may be troublesome to understand the medical and technical

terminology, respectively. Hopefully I succeeded in this, by adding explanations

where necessary and a List of Symbols at the inside of the back cover. Additionally,

two appendices describe detailed anatomical aspects of the shoulder and biological

materials as well as biomaterials, respectively. The List of Symbols is attached to

better understand those parts of the thesis, in which symbols are frequently used.

Chapters 1, 2 and 3 can be regarded as introductory chapters, describing the back-

ground of the thesis, the shoulder and the lower extremities, respectively. Especially

for those readers, who are not familiar with the aspects of these body parts, it may

be of assistance to first read these chapters, to better understand the relevancy of

the studies in the following chapters.

Chapters 4 through 10 are written so that it is made possible to read them indepen-

dently, without knowledge of the preceding chapters. The conclusions and future

challenges of the presented work are given in Chapter 11, which also reflects on the

work done and it brings the results in a clinical perspective.

At the end of the thesis, subsequently the List of Publications, List of Figures and

List of Tables, as well as a Dutch and English Summary are presented. The Acknow-

ledgements and Curriculum Vitae bring the thesis to the end.
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Chapter 1

Introduction

Opening Ceremony of the Olympic Games, Athens, 2004
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1.1 The clinical problem

Joint pathology due to diseases as osteo-arthritis (OA), rheumatoid-arthritis (RA) or
Rotator Cuff (RC) arthropathy can result in eroded and distorted articular surfaces,
decreased bone properties and weakened surrounding soft-tissues, such as ligaments
and muscles. A Total Shoulder Replacement (TSR) can be a helpful treatment with
long-term pain relief and functional improvement (e.g. increased abduction and ex-
ternal rotation) as main objectives. Although post-operative pain relief is achieved
in most cases, functional improvement is not enough to perform all ’Activities of
Daily Living’ (ADL), needed to live an independent life, and also long-term compo-
nent fixation is still an unsolved problem and results of the TSR must be improved,
to increase patient satisfaction.

1.2 DIPEX

In 1999, a multidisciplinary, interfacultair program at the Delft University of Tech-
nology has been launched, to improve the shoulder replacement, focusing on the
above mentioned influencing factors. The program is entitled ’DIPEX’ (Develop-
ment of Improved endo-Prostheses for the upper EXtremities) and is divided in six
sub-projects, focusing on patient factors, the surgeon and design factors.
The first project aims at improving the efficiency and quality of the surgical pro-
cedure, by a rigorous evaluation of the surgical process. The second project deals
with visualization techniques for improved pre-operative planning, to improve the
predictability of this surgical procedure. Project three investigates shoulder func-
tionality of healthy subjects to develop requirements for joint functionality to per-
form ADL. Additionally, this project compares the pre- and post-operative joint
functionality with the developed requirements. Component fixation is the subject
of project four, using improved computer models to investigate the effect of design
parameters and bone ingrowth fixation. Project five aims at improving the prosthe-
sis design, using modelling and experimental techniques, such as a wear and fixation
simulator. Finally, project six aims at improving alignment tools for the surgeon,
which must lead to more accurate insertion of the prosthetic components. Both
mechanical alignment and computer navigation, as well as camera assisted shoulder
surgery have been investigated.
The goal of the DIPEX program is to improve the involving aspects of the complete
shoulder replacement, with respect to long-term patient satisfaction and indepen-
dency in all day live and time as well as quality of the surgery. The present study, as
a part of project five, aims at improvement of the shoulder replacement by focusing
on the design of the prosthesis.
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1.3 Goal of the study

Design of the shoulder prosthesis influences, among others, the surgical procedure,
shoulder joint biomechanics, pain relief, tissue reactions, survival and ease of a revi-
sion, if necessary. As a result, an optimal design is difficult to achieve, also because
different diseases result in different joint pathologies, which ask for specific solutions.
The design of the prosthesis involves the design concept as well as prosthesis geom-
etry, materials and method of fixation. The conceptual prosthesis design can either
be an anatomical design or a non-anatomical design. The anatomical design aims
at restoring the natural geometry of the bone tissues and makes use of the sur-
rounding soft-tissues to obtain post-operative joint compression and functionality.
The anatomical design shows good results in the case both the soft and hard tissues
are of proper quality and the articular shape still provides enough bone volume for
insertion and fixation of the components. The non-anatomical design more neglects
the anatomical geometry and articulation of the natural joint, but focuses on the
functional requirements of the shoulder joint, its pathology and total tissue state.
Beforehand, the design concept and geometry of a new non-anatomical prosthesis
are not known. However, certain requirements, such as articular geometry, biome-
chanics and surgical limitations, must be kept in mind.
The ultimate goal of this study is to improve post-operative shoulder joint func-
tionality, with improved long-term glenoid component fixation focusing on shoulder
prosthesis design, without demanding additional surgical effort.
In the case joint anatomy and mechanical properties are close to normal and only
articular surfaces are affected, for example due to osteo-arthritis the anatomical de-
sign seems to be the answer for a TSR. Improvements with respect to prosthesis
design for this patient group can be achieved in terms of component fixation, wear,
joint stability and the surgical process.
A more destroyed joint, in which both hard and soft-tissues are affected, common sta-
tus in the case of late stage rheumatoid-arthritis and RC-arthropathy, asks for a dif-
ferent approach, which might lead to both new anatomical and new non-anatomical
design concepts. This is due to weakened or even cancelled-out joint functions, which
must be taken over by the new design. One example is the deteriorated stabiliza-
tion function of the pathologic RC muscles, which has to be taken over by the new
prosthesis. These two different joint conditions asks for a specific research strategy.

1.4 Strategy of the study

Three different research directions to improve the TSR are investigated in this PhD
study (see Figure 1.1):
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1. Geometrical improvement of the Ultra-High-Molecular-Weight-Polyethylene
(UHMWPE) anatomical cemented glenoid component design,

2. Investigation of adhered fixation of the UHMWPE anatomical cemented gle-
noid component,

3. Development of a new self-stabilizing non-anatomical shoulder prosthesis.

The conventional, anatomical glenohumeral replacement will be looked at, investi-
gating the effect of glenoid component geometry and orientation on glenoid com-
ponent fixation and glenohumeral functionality. The glenohumeral conformity, by
adapting the glenoid radius of curvature Rg, and the glenoid inclination angle γ have
been investigated. Glenohumeral conformity determines contact stresses, humeral
head translations and glenoid component tilting. Glenoid component inclination, a
combined surgical and patient factor, determines glenoid component tilting, as well
as humeral head subluxation and dislocation.
The second research direction focuses on direct improvement of glenoid component
fixation, leaving component geometry intact. The common fixation method for
glenoid components is cementing them into overreamed bone, using Polymethyl-
Methacrylate (PMMA) bone-cement. The advantage over bone-ingrowth fixation
is the direct post-operative fixation, whereas the large amount of bone to be re-
moved, dangerous thermal effects of cement polymerization and cement particles
due to abrasion are drawbacks of this method of fixation. However, bone ingrowth
fixation also shows difficulties, such as increased component thickness, due to the
metal backing, increased wear and special attention for initial component fixation in
the 6 to 8 weeks post-operative, necessary for stable bone ingrowth. In this project
cemented glenoid components are investigated.
UHMWPE glenoid components have poor adhesion properties, especially in com-
bination with PMMA bone cement, which is more a filler than an adhesive. This
implies that cemented UHMWPE components are rather fixed by mechanical lock-
ing, using design details such as grooves and holes, which also requires deep bone
removal. Improving the adhesion performance of UHMWPE, by means of surface
modification methods, might lead to improved fixation of presently used components
and to new designs, more or completely relying on adhesion instead of mechanical
locking with the additional benefit of less bone removal.
The third research direction is the development of a conceptually new shoulder pros-
thesis for patients with lost stability function, for example for patients suffering from
rheumatoid-arthritis or isolated RC arthropathy. At present, there is no long-lasting
prosthesis for these patient groups, providing sufficient functionality and strength
to perform ADL.
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Figure 1.1: The proposed research strategy of the PhD study as part of the design project
within the DIPEX program

1.5 Structure of the thesis

This PhD thesis begins with the background of the shoulder joint, in terms of shoul-
der anatomy, biomechanics and orthopedics (Chapter 2). Following is a comparable
overview about the hip, knee and ankle joint (Chapter 3). A rigid-body model of the
artificial shoulder is presented and used to investigate the effect of prosthesis geom-
etry on joint translations and stability (Chapter 4). Subsequently, a force-controlled
experimental test set-up is described (Chapter 5), whereafter the results will be
presented of the studies into the effect of joint conformity and glenoid component
inclination on its fixation as well as on humeral head subluxation (Chapters 6 and 7),
using this test set-up. The study to investigate adhesion performance of UHMWPE
by applying different surface modification methods is described in Chapter 8. The
coefficient of friction between PMMA and UHMWPE and its effect on stresses in
a Finite Element Model of a cemented glenoid component have been investigated,
which is described in Chapter 9. Chapter 10 presents the development of a concep-
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tually new self-stabilizing prosthesis design. Chapter 11 gives the conclusions and
future recommendations.
Three appendices are included to provide additional background of this PhD study.
Appendix A gives additional information about the anatomy of the shoulder joint
and medical terminology. An overview of biomaterials, both host-tissues and artifi-
cial materials, is given in Appendix B. Appendix C provides color representations
of those figures by which this may lead to improved understanding.
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Chapter 2

The shoulder joint and its
replacement

Some shoulder strength during a rings session
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2.1 Introduction

The healthy shoulder joint, or glenohumeral joint, provides us a large range of mo-
tion. Together with the cooperation of the other bone elements and articular joints
of the shoulder girdle, it gives us even a larger range of motion, enabling us to easily
perform all ’Activities of Daily Living’ (ADL). Unfortunately, shoulder pathology,
due to both traumatic and atraumatic events, can cause disability already in young
persons. At present, good treatment methods, such as the Total Shoulder Replace-
ment (TSR), are available for many patients. However, after a TSR it is difficult to
obtain enough joint functionality to perform main ADL and also long-term compo-
nent fixation is still an unsolved problem.
To investigate possible design improvements of the shoulder prosthesis, proper un-
derstanding of the background of the shoulder is a requisite. This involves shoulder
anatomy (such as articular geometry, dimensions and surrounding structures, in-
cluding their location and function), biomechanics (for example joint forces and
range of motion) and orthopedics (such as the surgical procedure, implant design,
failure scenarios). Subsequently, this chapter describes the anatomy, biomechanics
and orthopedics of the shoulder joint.

2.2 Shoulder Anatomy

Designing (conceptually) new prosthesis components for the shoulder joint, requires
knowledge of the dimensions of the glenoid and humerus and their static as well as
dynamic relationships. Not taking into account these relationships, might lead to
difficulties, especially with the surgical procedure, post-operative joint functionality
and long-term component fixation.
The shoulder girdle consists of three bones, namely the humerus, the scapula and the
clavicula (see Figures 2.1 and 2.2). The thorax is not seen as part of the shoulder
girdle, although it plays an important role in shoulder dynamics and the maxi-
mal range of motion of the shoulder [264]. The shoulder girdle has three synovial
joints. The articulation between the humerus and the glenoid cavity of the scapula
forms the glenohumeral joint, often referred to as the shoulder joint. The clavicula
articulates with the sternum and the acromion, forming the sterno-clavicular and
acromio-clavicular joint, respectively. Additionally, during many upper arm tasks,
the scapula moves with respect to the thorax, forming the scapulo-thoracic gliding
plane (which is not an articulation in the true sense).



12 Design Considerations for the Glenohumeral Endoprosthesis

(a)

3

7

5

1

6

2

8

4

(b)

Figure 2.1: The Body and the Shoulder. (a) The skeletal system of the human body. (b)
Anterior (Left) and Posterior view of the upper extremities. 1. humerus 2. scapula 3.
clavicula 4. thorax 5. glenohumeral joint 6. sterno-clavicular joint 7. acromio-clavicular
joint 8. scapulo-thoracic gliding plane. Adapted from Sobotta

2.2.1 The Humerus

The upper arm, or humerus, is a long bone, with a rather large geometrical vari-
ation [238]. The articular surface makes up a sphere of about 120◦ and is tilted
upward approximately 45◦, with respect to its long axis [128]. The bicipital groove,
through which the long head of the m. biceps passes from its origin on the superior
rim of the glenoid cavity, lies between the two tuberculi, approximately 1 cm lateral
from the central axis of the humerus. The muscle (m.) tuberculum minus is the in-
sertion for the m. subscapularis and the tuberculum major for the m. supraspinatus,
m. infraspinatus and m. teres minor, from superior to inferior [128] (see Figures 2.2
and 2.3a, as well as Table 2.1 and Appendix A for more detailed dimensions).

2.2.2 The scapula

The scapula forms a connection between the humerus and the thorax and together
with the clavicula it forms a closed chain mechanism [264]. The scapula plays an
important role in the range of motion of the shoulder girdle [251]. The scapula is a
thin, triangular shaped bone, with high in-plane stiffness as it can be seen as a rigid
framework [216], made out of a thin sheet becoming thicker at the outer margins
(see Figure 2.3b). It also functions as a main attachment structure for almost all
shoulder muscles.
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Figure 2.2: The glenohumeral joint. (a) Anterior view of the shoulder, including the
humerus, scapula and lateral clavicula. (b) Frontal section of the right glenohumeral artic-
ulation. (c) Lateral view on the right glenohumeral articulation with the proximal humerus
and Rotator Cuff (RC). (d) Lateral view on the left glenohumeral articulation. 1. scapula
2. humerus 3. clavicula 4. glenoid cavity 5. acromion 6. processus coracoideus 7.
ligament.(lig.) glenohumerale (inferior, medium, superior) 8. lig. coraco-acromiale 9.
lig. trapezoideum 10. lig. acromioclaviculare 11. lig. coracohumerale 12. muscle (m.)
supraspinatus* 13. m. biceps brachii, caput longum 14. m. subscapularis* 15. m. triceps
brachii, caput longum 16. labrum glenoidale 17. m. infraspinatus* 18. m. teres minor*
*Rotator Cuff muscles. See Figure C.1 in Appendix C for color representations. Adapted
from Sobotta

In the anatomical position, the scapula has a slight superior directed tilt of 3◦ to 5◦

and is rotated 30◦ forward relative to the frontal plane [265]. The glenoid cavity, a
concavity at the lateral scapula, together with the coracoid process, the acromion
and the coracoacromial ligament can be seen as a resilient socket surrounding the
humeral head. It also gives the glenohumeral joint extra stability and prevents
subluxation of the humeral head in upward direction during the normal range of
motion [271] (see Figure 2.2d).

The Glenoid cavity

The glenoid is part of the lateral scapula and is a shallow, pear shaped socket [176],
tilted upward about 5◦, retroverted approximately 7◦. The height (SI-direction) and
width (AP-direction) are 3.5 to 4 cm and 2.5 to 3 cm, respectively [125]. The arc of
enclosure in an anterior-posterior (AP) and superior-inferior (SI) view is 66±12◦ and
45.5±15◦, respectively, according to McPherson et al. (1997). The depth of the gle-
noid cavity in an AP view and SI view is 5±1 mm and 2.9±1 mm, respectively [203]
(see Table 2.1).
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Figure 2.3: The humerus and scapula. (a) Posterior (left) and anterior view of the
proximal humerus. (b) Posterior (left) and anterior view of the scapula. 1. tuberculum
minus 2. tuberculum major 3. caput humeri 4. acromion 5. proc. coracoideus 6. spina
scapulae 7. fossa infraspinata 8. fossa subscapularis. Adapted from Sobotta

2.2.3 Glenohumeral relationships

Many dimensions of the glenoid and humerus are measured by Ianotti et al. (1992)
and McPherson et al. (1997) [121, 203], which are given in Table 2.1. Additionally,
using stereophotogrammetry, Soslowsky et al. (1992) mapped articular dimensions
of the glenohumeral joint [293]. The cartilage surface of the humeral head for male
and female measure 1734±204 and 1336±220 mm2, respectively, and of the glenoid
cavity 579±169 and 468±93 mm2, respectively. Surface area ratio of the glenoid
and humeral head average 3.12 and 2.90 for male and female subjects, respectively.
The radius of curvature of the glenoid cavity and humeral head depends on the
presence of cartilage (see Table 2.2). Cartilage decreases and increases the radius
of curvature of the glenoid cavity and humeral head, respectively, being thicker at
the center of the humeral head and at the rim of the glenoid cavity. As a result,
cartilage increases joint conformity (κ), defined as Rh

Rg
(see the List of Symbols), up

to almost 1.

2.2.4 Shoulder joint pathology and indications for a shoul-

der replacement

Shoulder joint pathology can be the result of a trauma (such as due to a traffic
accident) or due to progressing diseases (such as osteo-arthritis (OA), rheumatoid-
arthritis (RA)), avascular necrosis (AN) and Rotator Cuff (RC) arthropathy. This
section only discusses joint pathology due to these four diseases, as they are the
main indications for a TSR [141]. X-ray representations of the diseased joints are
given in Figure 2.5.
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Table 2.1: Dimensions of the glenoid cavity and humeral head, AP and SI stand for
anterior-posterior and superior-inferior, respectively [121, 203] (see Figure 2.4 and the
List of Symbols)

Figure Ianotti (1992) McPherson (1997)

Geometrical parameter 2.4 Mean (SD) Range Mean (SD)
Rh (mm) (AC) 24 (2.1) 19-28 23.1 (2.3)

Humeral head height (mm) (BC) 20 (2.0) 15-24 -
Humeral neck-shaft angle (◦) 45 (5.0) 30-55 141 (8.6)

Lateral off-set (mm) (FH) 56 (5.7) 43-67 -
Rg (mm) - - 32.2 (7.6)

Glenoid height (mm) (MN) 39 (3.7) 30-48 33.9 (3.9)
Glenoid width (lower) (mm) (LK) 29 (3.1) 21-35 -
Glenoid width (upper) (mm) (OP) 23 (2.7) 18-30 -

Glenoid arc of enclosure (AP) (◦) - - 66 (12)
Glenoid arc of enclosure (SI) (◦) - - 45.5 (15)

Glenoid trabecular
Bone depth (AP) (mm) - - 20.9 (6.7)

Glenoid depth cavity (mm) - - 5 (1.1)

Table 2.2: Radius of curvature (mean±SD) (mm) of the glenoid cavity and humeral head
for male and female subjects, measured with and without the cartilage layer [293]

Radius of curvature Including cartilage Excluding cartilage
(mm) Male Female Male Female

Humeral head (Rh) 26.85±1.40 23.27±1.69 26.10±1.41 23.15±2.09
Glenoid cavity (Rg) 26.37±2.42 23.62±1.56 34.56±1.74 30.28±3.16
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Figure 2.4: Geometrical parameters of the humerus, glenoid and their relation. Adapted
from Ianotti et al. (1992) [121]. (see Table 2.1)

Osteoarthrosis is a bone and cartilage disease, characterized by loss of joint space
between the articular surfaces, which can be demonstrated radiographically, humeral
head enlargement due to osteophytes and posterior glenoid erosion with accompa-
nying humeral head subluxation, resulting in limited glenohumeral articulation and
pain. However, the soft-tissues, such as the RC, are unaffected [335]. The flattened
articular surfaces harden proper articulation [207].

Rheumatoid-artritis (RA) is a joint disease, affecting both bone and surrounding
soft-tissues, in the glenohumeral joint especially the glenoid cavity, humeral head
and the RC muscles [256, 207]. Over time, the disease progresses, thereby weakening
the surrounding joint muscles, causing increased humeral head migration towards
superior and medial [167]. Different stages of RA (1 through 5) are defined by Larsen
et al. (1977) [162], indicating the progress of degradation of the glenohumeral joint.
Grade 1 shows minimal deformed bone structures and some muscle weakness, grade
3 shows medium deformed destructive bone abnormalities and radiographic joint
space narrowing and stage 5 includes mutilating abnormality where not much is
left over from the original articular surfaces [170, 291]. Medialization of the gleno-
humeral joint is due to erosion of the glenoid bone stock, a result of RC damage with
accompanying increased humeral translations [167]. As a result, joint functionality
decreases, shoulder pain dramatically increases and the patient is more and more
unable to perform ’Activities of Daily Living’ (ADL), becomes disabled and be-
comes dependent on his environment. Unfortunately, most patients are indicated
for a shoulder replacement in the end stage of RA [291].

RC arthropathy occurs after a RC defect, when the uncovered humeral head carti-
lage surface is being abraded against the coracoacromial arch (see Figure 2.5c). Over
time, the coracoacromial arch becomes excavated and the humeral head erodes to
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(a) (b) (c) (d)

Figure 2.5: X-ray examples of shoulder pathology. (a) Osteo-arthritis of the shoulder, with
a somewhat enlarged and flattened humeral head and peripheral osteophytes. (b) Severely
affected shoulder due to rheumatoid-arthritis, with erosion of the subchondral and adja-
cent bone structures, both of the humeral head and the lateral scapula. (c) Example of RC
arthropathy, especially expressed by the severe upward subluxation of the humerus, even
against the acromion, which also shows erosion. (d) Osteonecrosis of the shoulder. A col-
lapse of subchondral bone, with humeral head distortion and early glenohumeral arthritis.
Adapted from Matsen et al. (1998) [207]

superior. Furthermore, it is characterized by massive RC tears and by both gle-
noid and humeral cartilage as well as bone loss. According to Neer et al. (1983),
mechanical causes play a predominant role in RC arthropathy [225]. This is also
demonstrated by increased glenohumeral instability, as the joint compression force
has disappeared [207].

Avascular Necrosis is a disease resulting from the temporary or permanent loss
of blood supply to the bone cells. Without this blood supply, bone necrosis, or
osteonecrosis, occurs. It can, amongst others, be caused by systematic use of corti-
costeroids, trauma or illnesses with vasculitis. Early stage of this disease is difficult
to recognize, as there is no pain or decrease of joint functionality. In a later stage,
AN, or osteonecrosis, can be seen on radiographs, as bone density decreases. Next,
a fracture of the superocentral subchondral bone may occur with an accompanying
later full collapse of the subchondral bone. After that, the irregular humeral head
destroys the glenoid cartilage surface, resulting in secondary degenerative joint dis-
ease [207, 141] (see Figure 2.5d).

In general, the main indication for a shoulder replacement is pain, followed by ex-
cessive decrease of joint functionality and radiographic evidence, when repeated
non-surgical methods, such as medication and physiotherapy, were not successful.
However, a shoulder replacement can only be successful on the condition that the
anatomy allows for a proper reconstruction, meaning that enough bone stock and
muscle strength are available. Standardized diagnostic tools can be useful to com-
pare the pre-operative condition of a specific patient with healthy subjects and based



18 Design Considerations for the Glenohumeral Endoprosthesis

on the results, a decision can be made to perform a TSR or hemi-arthroplasty (HA),
in which only the humeral head is replaced [59, 207]. As mentioned above, the main
causes for excessive pain and functional decrease as indicated for a TSR or HA are
late stage RA, OA, AN and RC arthropathy. These different indications ask for
different approaches with respect to surgical treatment and prosthetic components.
These will be described in more detail in Section 2.4.2.

2.3 Shoulder joint biomechanics

2.3.1 Glenohumeral articulation

Motion of the shoulder girdle is a complex ensemble of multiple bone elements and
muscles in contrast to the more singular ball-in-socket behaviour of the hip joint.
However, the type of articulation of the glenohumeral joint is rather similar, although
it receives active assistance of the scapula.
The center of rotation (CoR) of the glenohumeral joint is still a subject of discussion,
mainly focusing on its position during articulation [73, 139, 293, 244]. Doorenbosch
et al. (2001), Kelkar et al. (2001) and Soslowsky et al. (1992) conclude that the CoR
is fixed [73, 139, 293], although Poppen and Walker (1976) state that the humeral
head shows small translations, mainly as a result of cartilage deformation [244]. The
almost constant CoR in natural glenohumeral joints during humeral movements
implies that, if humeral head translations occur, these are the result of external
subluxation forces, for example when carrying a bag.
The scapulohumeral rhythm, so called by Codman (1934) [56], explains the combined
motion of the humerus and scapula during shoulder motions, especially glenohumeral
and scapular rotation during arm abduction. Three phases can be distinguished [251]
(see Appendix A for the medical terminology):

• The first phase (about the first 50◦ of abduction):
During this phase there is a large variability in the rhythm, although the
contribution of the scapula is rather small. This phase is also called the setting
phase [122], as during this period the scapula orients itself to the plane of
elevation,

• The second phase (from about 50◦ to 140◦ of abduction):
Although this is the most consistent part with respect to the scapulohumeral
rhythm, ratios of 1:1.25 [19, 244] to 1:2 [122] are found. It might be that this
is more the result of the projection during measurements than true differences
in subjects,
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• The third phase (from about 140◦ of abduction to maximal elevation (∼
180◦ [125])):
There is discussion about the contribution of the scapular rotation during this
phase. It is found that during this third part of abduction mainly scapular
rotation occurs, such as by Bagg and Forrest (1988) [19], although others state
that the contribution of the glenohumeral joint is increasing [337].

2.3.2 Range of motion

Shoulder functionality is a complex ensemble of bone structures, muscles and liga-
ments, controlled by neuromuscular input. It must provide enough Range of Motion
(RoM) to perform ’Activities of Daily Living’ (ADL), pick up forces which can be
as high as several times body weight (BW) and still it must be stable to prevent
a joint dislocation. The shoulder allows for a large range of motion, approximately
180◦ abduction, 50◦ adduction, 75◦ internal and external rotation and 120◦ flexion
and 13◦ extension [125] (see Appendix A).
Not much is known about the range of motion necessary to perform ADL. An exam-
ple is the study of Magermans et al. (2004), investigating the required joint angles to
perform 6 common ADL tasks for 24 female subjects, using a six degree of freedom
(DoF) electromagnetic tracking device (Flock of Birds) [186]. These tasks required
forward- and retroflexion, abduction and adduction as well as internal and external
rotation. Maximal humeral elevation, scapula latero and axial rotation angles were
measured as well as the plane of elevation. Results are given in Table 2.3.

2.3.3 Joint forces and contact area

Not much research has been performed on loading conditions of the shoulder joint
and only by using computer models or experimental testing with cadaver material,
such as described by [11, 108] and [245], respectively. In the case of a shoulder
replacement it would be very interesting to investigate the joint loading similar to
studies of the hip joint, in which a telemeterized prosthesis has been used [27].
Although the shoulder is not a weight bearing joint, joint contact forces can reach
several times body weight (BW). In literature it is found that arm abduction to 90◦

results in joint contact forces ranging between 370 N (∼0.5 times BW) [108] up to
∼650 N (0.89 times BW) [245]. Adding weights during abduction, increases the
joint contact force up to 2070 N (∼3 times BW) (90◦ abduction, straight arm with
an additional weight of 110 N) [40].
The contact area between glenoid cavity and humeral head during articulation de-
pends on elevation angle and ranges between 87 (at 0◦ abduction) and 507 mm2 (at
120◦ abduction), respectively [293].
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Table 2.3: Maximal angles (◦) (Mean (SD), (5th percentile, 95th percentile)) of the bone
elements of the shoulder as found during performing 6 common ADL tasks. The 5th
percentile is considered to be the minimal required joint angle [186]. ∗Lifting a 40 N bag
at 90◦ elevation

ADL Typical Scapula Plane of Elevation External
task movement laterorotation elevation angle rotation

Combing Forward 34.4 (9.4), 58.5(14.3), 89.8 (9.3), 70.2 (18.9),
hair flexion (19.3, 50.1) (35.7, 80.1) (73.1, 102.0) (37.7, 93.4)

Perineal Retro- 3.8 (7.6), -67.2 (24.3), 35.0 (10.3), -105.4 (25.2),
care flexion (-7.5, 15.2) (-27.5, -87.4) (20.5, 48.5) (-71.1, -131.6)

Eat with Abduction 25.9 (8.8), 60.0 (14.4), 73.5 (12.6), 49.3 (14.0),
spoon (13.3, 39.7) (36.3, 84.5) (56.3, 95.0) (30.6, 74.4)

Reaching Elbow flexion 33.3 (4.8), 72.6 (11.7), 121.4 (6.5), 60.6 (36.4),
Abduction (25.8, 37.9) (57.5, 86.3) (111.4, 126.4) (4.7, 91.8)

Washing Adduction 29.0 (8.5), 99.6(8.9), 53.0 (10.8), 15.2 (6.8),
axilla (16.2, 40.5) (83.0, 116.8) (36.6, 124.0) (0.3, 23.7)

Lifting∗ Internal 22.6 (13.2), 79.2 (18.8), 63.6(22.8), -47.7(25.3),
rotation (3.3, 40.4) (41.4, 101.2) (33.5, 99.0) (-76.4, 7.7)

2.3.4 Shoulder joint stability

In clinical studies, instability is often referred to as large translations of the humeral
head in the glenoid cavity or even as a joint dislocation [31, 193, 350, 353]. In this
chapter the same definition is used, whereas in Chapter 4 a more technical definition
is given.
For a shoulder to be stable, this implies that any eccentric force should be counter-
acted by a compensatory force, re-centering the total joint force. Shoulder instability
is a problem due to the relatively small and shallow glenoid cavity, which allows for
a large range of motion, but only provides small intrinsic stability. The shoulder
joint contributes to 45% of all joint dislocations within the human body [138]. In
healthy shoulders, stability is guaranteed by passive and active stabilizers as can be
seen in Table 2.4. The neural system provides the control of the force balance at
different positions and its respons depends on the type of movement [104, 342]. This
sensory modality, or proprioception, is provided by receptors in articular, muscular
and cutaneous structures. A defect in this system, which can be the result of a joint
replacement, leads to a deficit in proprioception [342], thereby decreasing shoulder
stability.
To a large extent, the RC-muscles will compress the humeral head into the glenoid
cavity, thereby centralizing the joint contact force (see Figure 2.2c for the orientation
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Table 2.4: Static, passive and dynamic, active stabilizers of the shoulder [125]

Static, passive stability Dynamic, active stability
Soft-tissues Articular surface Muscles

coracohumeral and joint concavity, Rotator Cuff muscles,
glenohumeral ligaments, scapular inclination, m. biceps,

labrum, capsule intra-articular pressure m. deltoid

of the RC muscles). In the extreme shoulder positions, the relative stiff ligaments
form a more rigid constraint, preventing the humeral head to dislocate out of the
glenoid cavity.

2.4 Shoulder joint replacements

2.4.1 History

A definition of a joint replacement can be derived from the definition of Quinet and
Winters (1992):

’A joint replacement is an orthopaedic surgical procedure, including re-
section of the convex surface and preparation of the concave surface,
after which both can be replaced by a synthetic structure, fixed by bone
ingrowth, press-fit or by bone cement [254].’

The first total shoulder replacement was designed by the French dentist J.P. Micheals
and was performed already in 1893 by the French surgeon Péan, 26 years before the
first hip replacement. The artificial joint was constructed out of platinum with a
rubber ball and allowed for abduction and flexion. Although increased strength
and function was obtained, it had to be removed within two years due to an infec-
tion [179, 141].

At present, a series of four different anatomical humeral prosthesis designs are de-
veloped (see Figure 2.6). In 1955, Neer reported his first results of glenohumeral
replacements with the humeral head prosthesis, that he designed in 1951 [223].
The hemi-arthroplasty was indicated to treat a severely comminuted fracture of the
humeral head. This design showed its effectiveness and indications increased towards
more general joint diseases, such as OA and RA. Since then, the basics of shoul-
der replacements has not been changed, focusing on reconstruction of the natural
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Figure 2.6: Overview of historic shoulder replacements. (a) First shoulder prosthesis,
implanted by Péan in 1893. Adapted from Lugli (1978) [179]. (b) First generation modern
shoulder prosthesis. Adapted from Neer (1955) [223]. (c) Second generation, example of
DePuy. (d) Third generation Aequalis (Tornier) prosthesis. Adapted from Walch and
Boileau (1999) [334]. (e) Fourth generation shoulder prosthesis from Centerpulse with a
modularity about 3 axes

(a) (b) (c)

Figure 2.7: Conceptually different glenoid components. (a) From left to right: the
original and standard All-Polyethylene component, and the standard sized, 200% and 600%
enlarged metal backed components. Adapted from Neer et al. (1982) [224]. (b) and (c)
Modern metal backed and All-Polyethylene glenoid components from Biomet and Tornier,
respectively

anatomy of the glenohumeral joint [98]. During the following decades research aimed
at improving the humeral component with respect to infection, long-term fixation
and joint functionality. Neer adjusted his design into the first generation in 1974,
with two different head sizes and the use of glenoid components (see Figure 2.7). He
reported his outstanding results in 1982 [224]. Second generation humeral head com-
ponents allowed for better modularity, with separated head and stems. Later, this
design was modified and a neck-part was added to allow for better off-set adjustabil-
ity. With this third generation it was possible to position the head eccentrically on
the neck [334]. The fourth generation allows for even more adjustability, with mod-
ularity about 3 axes. This concept allows for optimal reconstruction of the anatomy
and for correction after misalignment during positioning of the humeral stem [98].
Around 1974 the first glenoid component was drawn and the concept of the ’Total
Shoulder Replacement’ (TSR) was born [224, 207]. The main design criteria of the
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glenoid component was long-standing component fixation and good shoulder func-
tionality, consisting of shoulder stability and a proper range of motion. As will be
discussed later in this thesis, there are contradictory design criteria for this compo-
nent, which may be the background of the post-operative complications. As a result,
much research has been done on design improvements, resulting in many designs,
all with their own advantages and disadvantages.
To prevent joint instability, constrained or hooded glenoid components were used [76]
(see the second right and right component in Figure 2.7a). These components com-
pensate for the eccentric forces, which is in healthy shoulders done by natural sta-
bilizers, such as the ligaments and RC muscles. It may be that pathologic shoulders
more and more rely on the constrained glenoid component for shoulder stability,
at the expense of the surrounding muscles and ligaments. However, the eccentric
(subluxation) force finally has to be transmitted by the fixation of the constrained
component to the underlying bone structure. Early loosening led to the discussion
to abandon this type of glenoid component (see Section 2.4.6).
Several materials have been used for glenoid components, such as Teflon (Tetra-
Fluor-Ethylene), High-Density-Poly-Ethylene and Ultra-High-Molecular-Weight-PE
(UHMWPE). Present research is focused on improving mechanical properties of
Polyethylene, such as Hylamer, by DePuy Dupont Orthopaedics, Warsaw, IN, to
minimize wear rates of, amongst others, glenoid components.
In general, two types of glenoid components are used, the metal backed and the
all poly-ethylene component (see Figure 2.7b and c). The metal backed glenoid
components consists of a metal shell with a rim, in which the poly-ethylene part is
positioned, after it is screwed in the glenoid bone stock to obtain primary fixation.
During time, this primary fixation is taken over by bone ingrowth fixation, which is
normally achieved within 6 to 8 weeks. The all poly-ethylene component is fixed by
Polymethyl-Methacrylate (PMMA) bone cement and is mechanically locked by pegs
or a keel. Bone ingrowth fixation is commonly used in young, more active patients,
whereas cemented fixation is the standard procedure for older patients, who might
have insufficient metabolism, necessary for bone ingrowth fixation.

2.4.2 Present used shoulder replacement systems

At present, several types of shoulder replacements are available. The choice de-
pends on indication and specific joint conditions. Common used prosthesis types
are of the anatomical design, mainly indicated for humeral fractures, OA and RA,
with the last indication showing most complications when inserting an anatom-
ical prosthesis. Non-anatomical designs are used to improve results of shoulder
replacements, especially for the RA patient group, namely the constrained glenoid
component [246, 207], the bipolar prosthesis [357, 98] and the reversed prosthe-
sis [98, 82, 356]. If non of the described systems are an option or if a primary
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shoulder replacement failed, a shoulder arthrodesis can be performed, in which the
humerus and scapula are fused [93, 207] (see Figure 2.8a for an example). This
section describes the anatomical Hemi- and Total Shoulder Replacement (TSR) as
well as commonly used non-anatomical shoulder prostheses.

(a) (b) (c)

(d) (e) (f)

Figure 2.8: The shoulder arthrodesis and overview of conceptually different shoulder re-
placement systems. (a) Shoulder arthrodesis. Adapted from Diaz et al. (2003) [68]. (b)
Hemi-arthroplasty. Adapted from Kelly and Norris (2003) [141]. (c) Humeral resurfacing
implant. Adapted from Levy et al. (2004) [171]. (d) TSR with a press fit humeral compo-
nent in combination with an uncemented (left) and cemented glenoid component (right).
Adapted from Boileau et al. (2002) [34]. (e) Bipolar prosthesis from Biomet Inc. (f)
Delta reversed total shoulder prosthesis from DePuy

Hemi-Arthroplasty (HA)

When decided to perform a shoulder replacement, using the anatomical prosthesis,
the surgeon must choose between a Hemi-Arthroplasty (HA) and a Total Shoulder
Replacement (TSR). In some conditions, the TSR shows better results than a HA,
with respect to joint functionality, pain relief and stability. However, this must be
weighed against the additional complications after inserting a glenoid component,
such as glenoid component loosening [141].
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A Hemi-Arthroplasty (see Figure 2.8b) is indicated if the radiographic joint space
between the articular surfaces is sufficient in an AP view, with the humerus in
internal, neutral and external rotation. This space indicates that the anatomical
glenoid surface still allows for natural articulation. In healthy glenohumeral joints,
this space is approximately 5 mm, but in late stage RA patients, this can decrease
to less than 2 mm. Also, in the case of posterior glenoid erosion, a glenoid compo-
nent should be inserted. Although in many cases it might be better to perform a
HA, it must be noted that glenoid resurfacing after a HA is more common than a
glenoid revision after a TSR [98, 141]. Additionally, some studies demonstrate that
inserting a glenoid component in concentric eroded glenoid surfaces were beneficial
with respect to pain relief and post-operative joint functionality [141].

Humeral Resurfacing (HR)

An alternative for a conventional humeral replacement is humeral resurfacing (HR),
or surface replacement, using a humeral shell component (see Figure 2.8c). The
indications for this surface replacement are the same as for the conventional stemmed
prostheses. If not implanted in severely weakened and soft humeral bone, results
are comparable with conventional stemmed humeral components [171]. The surface
replacement has the advantage of bone stock preservation as well as avoidance of
difficulties with inserting a humeral component in the elbow joint, if necessary.
However, glenoid component insertion is made more difficult, as less bone is removed
from the humeral head, compared to a conventional humeral head replacement.

Total Shoulder Replacement (TSR)

Main indications to also replace the glenoid cavity, which is a TSR (see Figure 2.8d),
is osteo-arthritis with posterior glenoid wear. In the case of rheumatoid-arthritis, a
glenoid component should not be inserted when irreparable Rotator Cuff (RC) tears
are present or if the RC is excessively weakened. Inserting a glenoid component
without proper RC function, will lead to early loosening and failure [59, 98, 141]
and another replacement must be considered.
In the case of OA, a TSR provides better results than a HA, as found in a multi-
center study including 601 patients [74]. In a study of Torchia et al. (1997) 100
patients with 113 shoulder replacements were followed over 15 years. Overall implant
survival was 93% and 87% after 10 and 15 years, respectively. 14 complications
requiring re-operations were found [320]. A long-term follow-up study in relatively
young patients, demonstrated that a hemi-arthroplasty showed slightly worse results
compared to a TSR, with a survival rate of 73 and 84% after 15 years, respectively.
There is a relation between the chance of a glenoid component revision and the
presence of a RC tear [297].
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Bipolar shoulder replacement

The bipolar shoulder replacement was first invented by A. Swanson in 1975 [311],
where after it was further developed by Biomet Inc. in 1990. The design hypotheses
of the bipolar prosthesis are easy surgery, joint stability and minimizing glenoid bone
erosion. The bipolar prosthesis consists of a metal shell with a UHMWPE inlay, in
which a small metal head is positioned, covered by a constraining ring, leading to an
inner and outer bearing (see Figure 2.8e). Depending on the friction and radius of
curvature of both articulations, either the inner (Metal-on-UHMWPE) or the outer
(metal against the glenoid bone) bearing is articulating during shoulder motions.
Ideally, it is the inner bearing, minimizing glenoid and possibly acromion wear. A
follow-up study of averagely 2,9 years with 108 bipolar replacements, only showed
8 re-operations, including a revision to a TSR, reinsertion of the humeral stem with
cement, a RC repair and reinsertion of a humeral component with larger shell and
longer neck length [357].

Reversed shoulder replacement

As stated by Habermeyer and Ebert (1999) [98]:

’In the case of a weakened or disappeared Rotator Cuff, abduction is still
made possible by the Deltoid muscle, if an opposite directed force leads
to a fixed center of rotation.’

This is the basis of the development of the reversed prosthesis (see Figure 2.8f).
The reversed shoulder prosthesis is made out of a humeral and glenoid component,
but, in contrast to the conventional design, the concave and convex components
are reversely positioned on the humerus and glenoid, respectively. An example is
the ’Delta’ shoulder prosthesis design, developed in 1986 by Grammont (see Fig-
ure 2.8f). The Center of Rotation (CoR) is medialized towards the center of the
glenoid sphere and positioned to distal, leading to an increased moment arm of the
deltoid muscle. Additionally, deltoid muscle pre-stress is improved as the humerus
is resected below the insertion of RC muscles, leading to a more superior positioned
humerus. Although in a study by Grammont and Baulot (1993) including 14 pa-
tients, who are followed for two years after a shoulder replacement by the ’Delta’
prosthesis, joint functionality and pain relief clearly improved, complications were
multiple. However, taking into account the pathologic condition of the indicated
patients in this study, the design shows reasonable results, compared to conven-
tional prosthetic systems [94]. In a more recent study by Woodruff et al. (2003), 17
patients were followed for 5 years after inserting an improved Delta prosthesis. A
variable improvement of pain relief and functionality was found, but also radiolucent
lines around all humeral components and 5 glenoid components, which is of great
concern [356]. Although joint stability clearly improved directly post-operative, this
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improvement decreases during time leading to decreased joint functionality. In the
case no other surgical options are available and after careful patient selection, the
reversed shoulder prosthesis is one of the options to treat excessive deteriorated
glenohumeral joints [82]. However, conceptually new prosthesis designs are neces-
sary for patients with lost anatomical stability.

2.4.3 The surgical process

Compared to hip replacements, the shoulder replacement is found more difficult to
perform. This is due to the large amount of surrounding delicate soft-tissues, the in-
ferior exposure of the joint, especially of the glenoid cavity, and the limited amount
of bone material for proper component fixation, which requires accurate surgery
and proper alignment tools. Only the lateral glenoid of the scapula is visible and
approachable from lateral, which complicates the application of conceptually new
fixation methods.
A common procedure is the so called ’Deltopectoral approach’, but also the ’Trans-
acromial’ and ’Posterior approach’ are used [207]. For the Transacromial approach,
an incision near the acromioclavicular joint and an osteotomy of the acromion allows
for a view on the glenohumeral joint, whereas for the Posterior approach an incision
near the acromion, towards posterior and medial to the spine of the scapula and a
resection of the deltoid tendon on the scapula is necessary. For the Deltopectoral
approach, after a skin incision, the deltoid is divided without detachment and the
glenohumeral joint is exposed after opening the joint capsule.
Gentle external rotation and slight extension shows the humeral articular surface.
Humeral head osteotomy must allow for an anatomical reconstruction using avail-
able humeral components, without cutting near or even below the cuff insertions
(see Section 2.2), which describes the insertion locations of the RC muscles in the
two tuberosities of the proximal humerus). Using trial humeral components, the
exact patient specific humeral head diameter, height and, if the component allows
for this, off-set and eccentricity can be determined, as well as detailed preparation
of the humerus. It must be validated that the lateral and superior position of the
humeral head is equal to its original anatomy, using the trial component. Addition-
ally, it must be ensured that enough post-operative range of motion can be achieved,
without joint impingement.
The aim of the glenoid replacement is reconstruction of the glenoid cavity, which
requires complete and accurate bone support for good fixation of the glenoid compo-
nent. By using unaffected landmarks, the surgeon must orientate the affected glenoid
articular surface so, that an eventual correction can be made. This reconstruction
can normally be achieved by using a spherical reamer, which creates an optimal sup-
port for the glenoid component. Further preparation of the glenoid surface might be
necessary, depending on component design. The selected glenoid component must
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cover the maximal amount of the prepared bone, without overhanging. This should
be rigourously checked by the surgeon, by applying an eccentric force on the glenoid,
which may not show any tilting λ (see the List of Symbols). After cleaning, a small
amount of cement can be inserted, so that there is direct glenoid to bone contact at
the glenoid surface. The component must be kept in position by the surgeon until
the cement has hardened.
After non-absorbable sutures are placed in secure bone and the range of motion
is validated again, the humeral stem and head component can be inserted. After
checking the joint rigourously for debris and foreign material, the joint and wound
are closed. In the case of RA, the same procedure as above is used, but special
care should be taken because of the fragile tissues. The surgeon must be aware
of sufficient tissue laxity and enough bone volume for long-term glenoid component
fixation. If there is any doubt, a glenoid component should not be inserted [207] and
the surgeon should switch to a HA or a non-anatomical prosthesis (see Section 2.4.2
and Figure 2.8).

2.4.4 Facts on shoulder replacements

The results in terms of long-term survival rates are quite good, with 84% survival
after 15 years [297, 353]. This number is similar to survival rates of hip and knee
replacements, which are often remarked as excellent, with survival rates of 85%
after 15 years for hip replacements [174] and 90% after 10-15 years for knee re-
placements [178], respectively. However, comparison of survival rates of shoulder
replacements with hip and knee replacements fails, due to the large difference in
post-operative functionality. The post-operative functionality after a TSR is unsat-
isfactory as ’activities of daily living’ can not always be performed [105], leading to
a relatively low number of annual loading cycles with accompanying relatively low
forces [185]. In contrast to this, hip and knee joints allow for a sufficiently large
post-operative range of motion [131] and undergo a high number of load cycles with
higher forces due to the need of walking. Within the same 15 years, these joints
have undergone a much more intensive load spectrum compared to artificial shoul-
der joints and therefore these joints performed much better in terms of component
fixation. Additionally, the number of complications after a TSR is large, with 14%
complications within 12 years, although these complications do not always have to
lead to surgical interventions [353]. Shoulder replacements in RA patients, in gen-
eral, show lower survival rates than in OA patients [254].
The number of annual shoulder replacements in 1997 in the USA (11.000), is far less
compared to hip and knee replacements (280.000 and 338.000, respectively). Also,
it is found that in the case of the shoulder joint, the 2 replacements per surgeon per
year is much smaller than for hip and knee replacements, with 13 and 15 annual
replacements per surgeon, respectively [1]. This has a direct effect on surgical expe-
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rience and quality and, therefore, on the results of the replacements, as investigated
by Kredel et al. [153]. The worse results of shoulder replacements, compared to hip
and knee replacements might be a result of the lower number of replacements per
surgeon.

2.4.5 Complications after shoulder replacements

Unfortunately, complications after a TSR are multiple and involve both the sur-
vival rates as well as post-operative functionality (see Figure 2.9). Loosening of the
humeral component is very uncommon and clinical findings are rare, but present [353].
However, stress shielding, frequently found after a hip replacement, can be demon-
strated after a shoulder replacement. A relation was found between the diameter of
the humerus, the humeral stem size and the occurrence of stress shielding. In the
group showing stress shielding, a relative large stem size was used [221] (see also
Figure B.2 in Appendix B).
Glenoid component loosening is one of the main complications after a TSR [353, 105].
In a study of Hasan et al. (2002), who investigated unsatisfactory total shoulder
replacements, 59% showed glenoid component loosening [105]. Clear difference must
be made between a loosened glenoid component and radiographic loosening, indi-
cated by radiolucent lines around the glenoid component. Radiolucent lines are
small gap openings at the interface of the fixation of the component and, although
this is difficult, they can be detected at radiographs [220]. These radiolucent lines
can already be present soon after the surgery, but can be stable or progressive and
therefore long-term radiographic control is necessary [291].
Several studies demonstrate glenoid component wear [110, 353]. One of the reasons
behind the high rates of glenoid component loosening might be the small UHMWPE
particles, as they cause osteolysis, which is a disease, affecting the bone formation
cells [149]. As a result, the bone-implant interface weakens and implant loosening
might occur rapidly. By using FE simulations, it is found that contact stresses
exceed the UHMWPE yield strength during abduction and is more pronounced in
metal backed components [309], which might be due to UHMWPE deformation and
wear. Additionally, due to rim deformation and worn glenoid components, the sta-
bilizing function of the component is disturbed.
In general, joint functionality increases after a shoulder replacement, although not
always sufficiently to perform all ADL. Especially tasks requiring high abduction
angles, such as combing hair and reaching, can not be performed. It is possible
to apply compensatory mechanisms using clavicula retraction, providing additional
humeral external rotation, needed for higher elevation angles. However, these com-
pensatory mechanisms might cause problems in other joints, which will finally affect
the total motion of the shoulder girdle. The problem behind bad post-operative
joint functionality is probably the lack of RC function [186].
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(a) (b) (c) (d)

(e) (f)

Figure 2.9: Overview of common complications after a shoulder replacement. (a) Humeral
component loosening. Adapted from Wirth and Rockwood (1994) [352]. (b) Image, taken
7 years after a hemi-arthroplasty, clearly demonstrates bone resorption in the proximal-
lateral region. Adapted from Nagels et al. (2003) [221]. (c) A loosened cemented glenoid
component, with an unstable humeral head, in superior direction. Adapted from Wirth
and Rockwood (1996) [353]. (d) An excessive worn glenoid component showing secondary,
metal-on-metal wear. Adapted from Wirth and Rockwood (1996) [353]. (e) A failed glenoid
component, with a secondary facet matching the humeral radius of curvature Rh (left), with
a deformed inferior rim, maybe caused by abutment of the humeral stem (right). Adapted
from Hertel and Ballmer (2003) [110]. (f) SI view, demonstrating posterior instability
after glenoid component revision. Adapted from Sanchez et al. (2003) [273]
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2.4.6 Design of the shoulder prosthesis

Design of shoulder joint implants is, next to the patient factor, the surgery and
post-operative care, one of the four factors, influencing the results of shoulder re-
placements. Shoulder prosthesis design involves the design concept, geometry, de-
sign details, materials, production technique and method of fixation. Meanwhile,
the surgery and the shoulder anatomy are part of the design process, as they form
boundary conditions with respect to implantation, dimensions and functionality.

The humeral component

In this thesis, the humeral component is not discussed in detail as the focus in
this study is on the glenoid component; at present still the main site of complica-
tions [353]. As mentioned before, anatomical reconstruction is the main design goal
of the humeral replacement, which can be achieved by adjusting prosthesis geometry
and dimensions.
An example is the lateralization of the humerus, that is the distance FH in Fig-
ure 2.4. Excessive lateralization hardens insertion of the prosthetic components,
as the joint is difficult to close by the surrounding capsule and also muscle attach-
ment might become difficult. Both difficulties lead to a tight joint, which might
also result in decreased post-operative joint functionality. Additionally, the moment
arms of surrounding muscles might decrease, leading to higher muscle and joint
forces [166], which is not beneficial, certainly not for the weaker patient group. Un-
fortunately, in a study by Pearl and Kurutz (1999), investigating four commercially
available prosthetic systems, none of the systems was able to identically replace the
anatomical head and an averaged total displacement of the CoR of 14.8±6.5 mm
was found [238]. However, the new fourth generation humeral components show a
big improvement, as the head can be adjusted around three axes and positioned
eccentric on the humeral stem [98]. Thereby, the humeral head can be adjusted to
the patients specific anatomy and for corrections during surgery, if necessary.
Humeral fixation can either be cemented, fixed by bone-ingrowth or by press-fit. All
methods are used and long-term fixation easily outperforms that of glenoid compo-
nents.
Stress shielding decreases bone thickness or density at specific locations (see Chap-
ter 3 and Appendix B) and is recognized as a late complication after shoulder re-
placement [221]. Both humeral stem design and material selection influence this
phenomenon. It is either made out of CoCr or Titanium, of which the latter has the
advantage of better matching the flexural properties of the underlying bone material
(see Appendix B). Stem length can also be adjusted to decrease stress shielding,
as a shorter stem leads to a more proximal load distribution into the anatomical
humerus. Another option is the use of a so-called ’isoelastic’ humeral component,
made out of composites, which allows for better matching the flexural properties of
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the humerus [270]. In the 90’s, much research was focused on these composite mate-
rials to be used for orthopedic applications and, although even at the time of writing
composites for in-vivo applications in orthopedics are still under investigation, no
follow-up study is available.

The glenoid component

The main goal of the glenoid replacement is to provide a good, long-standing artic-
ular surface, with better orientation than the natural, pathologic surface and good
pain relief. Only cemented glenoid components are discussed as the uncemented
components are not being investigated in this thesis.
Glenoid components consist of a concave proximal and commonly a convex distal
surface, with a radial thickness ranging between 4 and 7 mm. Component thickness
influences the contact stresses, affecting the wear rate [309] and ease of insertion
of the prosthetic components (in general, a thicker component is more difficult to
implant, as it tightens the joint). Main geometrical design parameters are the radius
of curvature Rg, constraint angle θ0 and thickness (see the List of Symbols).
At the distal side, design details such as a keel, pegs and grooves must improve
cemented fixation of the component (see Figure 2.10). There is still a continuing
discussion whether keels or pegs should be used. In an extensive comparison study
by Lazarus et al. (2002), including 39 keeled and 289 pegged glenoid prostheses,
it was concluded that pegged glenoid components showed better cementing, indi-
cated by better cement filling and better surface matching between bone and the
glenoid component, although the surgeon might play an important role in the pro-
cedure [164]. In an experimental study by Anglin et al. (2000) it was found that a
curved backing outperforms a flat backing, which might be due to the fact that the
joint contact forces are transmitted into the underlying bone more by compression
than by shear [13].
The discussion about using cemented or uncemented glenoid components (see Fig-
ure 2.8) is still continuing. The advantage of uncemented glenoid implants is the
self-regenerating fixation, whereas the increased total component thickness hard-
ens surgery and tightens surrounding soft-tissues. Additionally, dissociation of the
UHMWPE inlay is sometimes found [339]. Although there are groups who aban-
doned uncemented glenoid components [34], others couldn’t find a difference [338].
The constrained glenoid component is developed to create stability in the gleno-
humeral joint in the case of RC pathology [246] (see Figure 2.7a). This constrained
glenoid component prevents the humerus to translate in superior direction during
abduction. The occurring eccentric forces will now be transmitted by the compo-
nent into the underlying bone, harming glenoid component fixation. However, there
is probably not sufficient bone stock behind the constrained glenoid component to
completely cover the backside, as required for a TSR [207]. During time, the shoul-
der more and more relies on this constraint angle for joint stability, at the expense
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(a) (b)

Figure 2.10: Schematic representations of two conceptually different glenoid components.
(a) A large, non-conform, unconstrained, pegged glenoid component with a flat backside.
(b) A small, keeled, conform, constrained glenoid component, with a curved backside

of glenoid component fixation. Even in case of accurate patient selection, complica-
tions are multiple [246, 247] and recent follow-up studies of the constrained glenoid
replacement were not found. Wirth and Rockwood question the efficacy of the de-
sign, even as a salvage procedure. Although the constraint design prevents shoulder
instability, not all design criteria are taken into account. It may be that during time
eccentric forces are more and more carried by this component and early loosening
is the result. From a biomechanical point of view, they state that there is a design
error and that glenohumeral forces are underestimated [353]. The design dilemma,
between improved joint stability and component interface loading still is unsolved
and is a problem especially in patients with a weakened or disappeared RC, such as
in the case of RA and RC-arthropathy.
Glenoid component wear is the result of the joint compression force, translations
of the humeral head relative to the glenoid surface and is furthermore influenced
by material properties, surface geometry and roughness. The most frequent used
material for glenoid components is UHMWPE, extensively investigated in the past
(see Chapter 8). Although not recognized as very important, wear is an occurring
problem and the optimal geometry is still not found, although conform articulations
may be beneficial [110, 309].

2.5 Conclusions

Due to the many commercial prostheses available on the market, it is clear that
the optimal prosthesis design is still to be found. However, as a result of the many
influencing factors, such as joint anatomy and pathology, patient characteristics,
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surgical difficulties, experience and approach, post-operative care etc., it is a chal-
lenge to clinically evaluate the effectiveness of a (conceptually) new design. This
also applies for comparing clinical studies to find out how the four factors influence
the results after a shoulder replacement and how to find a better design, to improve
the post-operative results.
However, some conclusions can be drawn. Although survival rates are comparable
to hip and knee replacements, often referred to as excellent, post-operative joint
functionality is inferior, especially for the patient groups with severe rheumatoid-
arthritis and Rotator Cuff-arthropathy. Additionally, the main complication in all
patient groups is glenoid component loosening. In future, these two shortcomings
after a TSR should receive most attention, especially focusing on the surgery and
the design of the prosthesis components, keeping in mind the still available and lost
atomical structures of the patient. A future design is necessary, providing enough
joint functionality and solving the problem of shoulder instability, with a long-lasting
fixation technique.
For the designer of prosthesis‘ components, the patient characteristics and many
surgical aspects are a given. However, component design still allows for many ad-
justments and improvements, including component fixation and surgical alignment
tools.
Component geometry, such as conformity and constraint, with respect to the gleno-
humeral relationships and fixation, is one of the design aspects to improve the TSR.
Component material is another design aspect to improve results of the TSR, al-
though it takes more effort to implement, as it has to fulfill standardization re-
quirements which ask for an extensive test and validation program. Next to this,
the design concept should not be fixed early in the design process. In the case of
severely destructive glenohumeral joints, it may be worthwhile to let go the anatom-
ical design and to search for conceptually new designs.



Chapter 3

The hip, knee, ankle joint and
their replacement

Stretching of some joints of Patricia Moreno during her
routine in the floor exercise finals, Olympic Games, Athens, 2004



36 Design Considerations for the Glenohumeral Endoprosthesis



The hip, knee, ankle joint and their replacement 37

3.1 Introduction

The number of shoulder replacements (11.000 in 1997 in the U.S.A) is much smaller
compared to hip and knee replacement (280.000 and 338.000 in 1997 in the U.S.A,
respectively), which is also reflected in the research on these two joint replacements.
On the other hand, the ankle joint replacement is still far from successful and is
not a common procedure. This chapter describes the anatomy, biomechanics and
orthopedics of the hip, knee and ankle joint to learn a lesson to be used for shoulder
prosthesis design. Although joint replacements in these three joints have to deal with
different requirements as compared to joint replacements in the upper extremities,
many design issues are similar. The lower extremities are different in that they
are weight carrying joints, with many repetitive high loading cycles due to walking
activities. However, joint replacement aspects such as diagnoses, joint biomechanics
and post-operative complications show similarities. Subsequently, the hip, knee and
ankle joint will be discussed.

3.2 The hip joint

3.2.1 Anatomy

The hip, or articulatio coxae, is a relatively constrained and thereby stable joint,
where the proximal femoral head articulates against the deep acetabulum in the
pelvis (see Figure 3.1). The acetabular labrum covers the femoral head beyond its
maximal diameter. The femoral head and acetabulum slightly deviate from the
pure spherical shape, best fitting in maximal retroflexion, that is in the position for
comfortable standing [265].

(a) (b)

Figure 3.1: The hip joint (articulatio coxae). (a) Frontal view on the hip joint. (b)
Anterior section of the hip joint. See Figure C.2a in Appendix C for a color representation.
Adapted from Sobotta
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3.2.2 Biomechanics

Joint articulation

The hip joint is seen as a ’ball-in-socket’ joint, with a fixed center of rotation (CoR)
during articulation, thereby it has three rotational degrees of freedom. However, the
position of the CoR influences the muscle moment arms and forces and thereby also
the hip joint contact forces. A more superior, lateral and posterior located CoR will
increase the hip joint contact forces [298].

Joint Range of Motion

Ante- and retroflexion, which are articular rotation about the medial-lateral axis
are maximal 120◦ and 13◦, respectively, abduction and adduction, that is rotation
about the anterior-posterior axis, is maximal 40◦ and 20◦, respectively, and exo- and
endorotation are 13◦ and 36◦, respectively. Maximal angles of the femur may be
slightly larger, due to cooperation of the pelvis [265], similar to the scapulohumeral
rhythm in the shoulder girdle (see Section 2.3).

Joint forces and articular area

First in-vivo force measurements are done by Rydell (1966), resulting in contact
forces between 2.3 and 3.3 times body weight (BW) during walking [269]. Static
joint forces were measured by Davy et al. (1988), in which was found that double
limb stance resulted in a contact force of 1 times BW, single limb stance in 2 times
BW and during the stance phase of gait 2.8 times BW [66]. The joint reaction
forces during slow walking and stumbling were 3 times BW and 8.7 times BW, re-
spectively, which was measured by a telemeterized prosthesis [27]. A later, much
more extensive study by Bergmann et al. (2001) resulted in a complete load spec-
trum of the hip joint, although the number of patients was limited to four [28]. In
that study, maximal joint reaction forces occurred during walking and stair climb-
ing, with magnitudes of 2.4 times BW and 2.5 times BW, respectively. Except for
stumbling, no higher forces are found during ADL. Implant torques, which is the
moment about the stem axis, were found to be 19 Nm during stair climbing. In
pathological joints, forces and moments can be substantial higher, as less optimal
muscles are activated with probably smaller moment arms [28]. Using a mathe-
matical model, Komistek et al. (1998) calculated hip, knee and ankle forces during
walking, by data obtained from a human cadaver. The results show somewhat lower
values compared to the measurements, ranging between 1.9 and 2.6 times BW, de-
pending on gait speed [152]. A comparison between patients with a hip implant and
control subjects showed a lower walking speed in patients, due to a lower cadence
and stride length, resulting in lower joint contact forces [298]. The surface area of
the acetabulum without and including the acetabulum labrum is 2880 cm2 and 3680
mm2, respectively [313].
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Joint stability

The hip is one of the most stable joints of the body, a result of the deep acetabulum
and surrounding ligaments. As a result, not much is mentioned in literature about
anatomical hip joint instability.

3.2.3 History of hip replacements

It wasn’t before 1850 that good surgical procedures were available to perform a joint
replacement, as that was the time of the introduction of anesthesia methods and
antiseptic techniques (sterilization methods). Many ideas were tried out, starting
in the late nineteenth century, all focusing on removing the articulating surfaces,
simply by resection and replacing, interposition of other materials and the first tri-
als of the present endo-prosthesis [305]. First trials of treating patients with joint
diseases in hip and knee existed in the form of interposition of materials between
the articular surfaces. Subsequently, muscle and fascia tissues have been used in
1902 [217, 218], pig’s bladder in 1918 [18] and fascia lata in 1920 [45, 181]. Next,
arthritic treatment was also done by resection of osteophytes1 and reshaping of the
articulating structures [282], although results were not very encouraging [287].
Parallel and as a continuation of the interposition concept, the replacement of the
articular surface with other (mostly synthetic) materials have been investigated.
Subsequently, ivory in 1890 by Gluck [92] and rubber by Delbet in 1919 [304] have
been used to replace materials. Glass, a brittle, inert material, also has been used,
although it was not able to withstand the high hip forces and fractures were found
frequently [288]. From the late 1930’s, stainless steel was applied in joint prosthe-
ses [206, 317, 349]. Smith-Petersen was advised by Venable et al. (1937) [327] to
use Vitallium (a Cobalt-Chromium-Alloy) as replacement material and he used this
in 500 replacements between 1938 and 1948. This was continued by other surgeons,
who performed 1000 hip cup-replacements until 1957 with 85% good results [17].
McKee developed a metal-on-metal prosthesis, which was supposed to be fixed by
Methyl-Methacrylate, but not before the collaboration with Watson-Farrar and their
bone cement [239, 304] (see Figure 3.2). Unfortunately, a good RoM without im-
pingement could not be obtained with this design and little was done to improve
it and as a result the metal-on-metal designs were abandoned for a long period [9].
In 1952, Haboush used two cups to replace both the femoral head and acetabular
articular surface, which were fixed by (probably the first time in history) acrylic
cement [99]. Townley (1964) continued this concept by subsequently better reshap-
ing the femoral head and fitting the femoral cup onto an intramedullary stem in
1952. This prosthesis was later used in combination with an acetabular compo-
nent, first made of polyurethane (1960), later of polyethylene (1977) [321]. Tronzo,

1little, though painful, deformed or grown bone spots, e.g. due to a changed stress distribution
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in the late 1960’s, used a polyethylene ball articulating against a metal acetabular
component. It was first press-fitted into the acetabulum, as there was no acrylic
cement available at that time in the USA, later they were all cemented [282, 304].
In the period between 1960 and 1970 this concept has been used more extensively.
Although results of this concept showed high failure rates, research was and is still
going on [22, 302, 303]. In 1969, the first sintered stainless steel stem was implanted,
which actually is the first bone ingrowth prosthesis [282]. Finally, Sir John Charnley
must be credited for the development for what we now call ’modern joint replace-
ment’ (between 1958 and 1963). He started with Teflon (Tetra-Fluor-Ethylene) for
application in the acetabular component, but this material showed high wear rates.
The introduction of High-Density-Polyethylene (HDPE) improved the results of the
joint replacements dramatically [47] and presently used designs are still based on
this material [239, 282, 305] (see Figure 3.2). In a more recent study it was found
that Teflon showed 1.600 times higher wear rates than the presently used Ultra-
High-Molecular-Weight-Polyethylene (UHMWPE) [201].

(a) (b)

Figure 3.2: Example of historical hip prostheses. (a) The McKee hip prosthesis (1951).
(b) Development of the Charnley hip prostheses including the modern hip prosthesis with
a ceramic head (most right) [148]

3.2.4 Facts

In the USA, 280.000 hip replacements were performed in 1997 on a population of
285 million [174], whereas at present worldwide 1 million hip replacements are being
performed annually [148]. In The Netherlands 30.000 hip and knee replacements
are performed annually on a population of almost 16 million. This implies that
approximately 2% of the Dutch population have a replaced hip or knee, assuming a
rather conservative survival rate of 10 years [118].
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Indications for hip replacements include osteo- and rheumatoid-arthritis, avascular
necrosis, traumatic arthritis, certain hip fractures, bone tumors, bone deformaties
or Paget’s disease2 and ankylosis spondylitis3 [229]. Radiographic evidence and
persistent pain are a requisite for a hip replacement. Contra-indications include
active infections, poor medical conditions (which can decrease the results of the hip
replacements), obesity [229, 254], neuropathy and significant peripheral vascular dis-
eases [254].
Post-operative improved patient satisfaction is significant, especially with respect to
pain relief, improved quality of sleep, and improved walking ability [131] and many
other important social aspects [348]. However, although walking velocity might in-
crease and motion characteristics become more natural, post-operative functionality
never returned to natural level [174]. Hip replacements show survival rates (when
symptomatic aseptic loosening was clear or revision replacement had to be carried
out [254]) of about 97% after 8 years [102], 93% after 10 years and 85% after 15
years [174].
As survival rates of hip replacements are good, the different available designs are
limited to anatomical designs. At present, the femoral resurfacing, the conventional
total hip and the bipolar prostheses are used (see Figure 3.3).

(a) (b) (c) (d)

Figure 3.3: Overview of presently used hip prostheses. (a) The ReCaptm Femoral Resur-
facing System from Biomet Inc. (b) Lubinus total hip endoprosthesis (Link, Hamburg,
Germany) [290]. (c) The Vario-Cup bipolar hip endoprosthesis (Link, Hamburg, Ger-
many) [290]. (d) The Tridentr Ceramic Hip System (Stryker, Kalamazoo, Michigan,
USA)

2excessive breakdown of bone tissue, followed by abnormal formation of low quality bone,
resulting in pain and joint stiffening

3stiffening of the joint due to inflammation
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3.2.5 Complications

As hip replacements are very routine surgeries, intra-operative complications (such
as bone fracture, misalignment) as well as short-term post-operative complications
(such as infection, dislocations) are very rare nowadays and mainly only long-term
complications occur [118].
Focused on design aspects, the following complications, which may finally lead to
revision surgery, are of importance: joint instability (dislocation), acetabular wear,
stress shielding, component loosening and component failure, such as dissociation
or fracture of both components and wear through of the acetabular component (see
Figure 3.4).
According to Morrey (1997) and Scifert et al. (1999) joint instability occurs in 2-
3% and 2-11% after primary hip replacements, respectively [211, 276]. It is more
pronounced in the case of females and elderly and is furthermore influenced by
acetabular and femoral component design [211] (see Figure 3.4a). After revision
surgery, instability rates increase significantly to 5-25% [276].
Acetabular wear, the result of relative movements between the compressed soft con-
cave and hard convex surfaces, is a slow but clearly progressing process in load
carrying joint replacements and is a major complication after hip replacements (see
Figures 3.4b and c). Linear wear rates in the order of magnitude of 0.05 and 0.1
mm/year for molded and machined UHMWPE, cemented acetabular components,
respectively, were found by Bankston et al. (1995) [21]. In general, metal backed
acetabular components show higher wear rates, as also demonstrated by Perez et
al. (1998). A linear wear rate of 0.25 mm/year was found, which is rather high
compared to other studies [240]. It is generally known that wear particles cause
bone osteolysis, which accelerates component loosening [118, 198, 258, 260] (see
Figure 3.4d). As prosthesis design has been improved and last longer, this is becom-
ing a more important issue. Not only because of component failure, but also due to
bone loss which finally will result in component loosening [198].
Stress shielding (see Figure 3.4d), is the result of taking over the load carrying func-
tion of the natural femoral head by the femoral component (see section 3.5 and
Appendix B). It is a long-term complication after primary hip replacements and
can be a serious problem in the case of revision surgery. All available prosthetic hip
systems show stress shielding [266].
Component loosening of both the femoral and acetabular component is still an issue
after hip replacements. A distinction must be made between radiographic and clini-
cal loosening, which can be twice as high for radiographic loosening [254, 213]. There
is a large spread in the number of complications related to component loosening,
as it is influenced by many aspects and many different definitions of loosening are
being used. Using component displacement and reorientation, such as subsidence,
as a criterion for component loosening, then the loosening rates are between 7.5%
after 5-12 years and 11% after 12-15 years [213], although a revision surgery was
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not always necessary. Radiographic evidence of loosening was high in cemented hip
replacements, with 20% and 30-40% reported femoral loosening after 5 and 10 years,
respectively, whereas the acetabular component showed much lower loosening rates,
although progressively increasing after more than 10 years FU [65].
Using revision surgery due component loosening as a criterion, not more than 2% of
the acetabular component loosened after more than 10 year [232]. After 20 years,
16% femoral revisions due to loosening were found by Soyer et al. (1997) [294],
whereas another study showed 11% acetabular component loosening after a mean
of 6 years, which is a high number compared to other studies. The authors relate
this to the design of the component [132]. If subsidence is used to define loosening,
then 11% cemented cups loosened within 12-15 years and 10% loosened within 10-14
years FU, whereas only 7.5% of the non-cemented cups loosened within 5-12 years
FU, as reported by [213]. Cemented femoral prostheses show better results than
non-cemented ones, in terms of patient score, pain relieve and component subsi-
dence [71]. One main problem of non-cemented femoral stems is the need for good
bone ingrowth during the first 6 to 8 post-operative weeks. If good bone ingrowth
fails, a fibrous tissue network will grow between implant and bone and during the
first months stem migration will occur. This migration seems to be a good predictor
for late loosening [118, 144].
Dissociation of the acetabular or femoral components, that is the undesirable disas-
sembly of the modular components, is rare nowadays, although it might still happen
(see Figures 3.4e and f). In a large study of Heck et al. (1995) including over 60.000
hip replacements, 0.15% of the acetabular components dissociated and 0.26% of the
femoral heads dissociated from the femoral stem after a median of 5 years FU [107].
Component fracture also is rare (see Figures 3.4g and h), as metal alloys and com-
ponent design have been improved in the last decennia. In the study of Heck et al.
(1995), an incidence of femoral stem fracture of 0.27% was found [107].
The above mentioned complications must not be seen as the result of single acting
failure mechanisms. Many mechanisms are involved in the damaging process, trig-
gering or activating each other in a chain of failure mechanisms, where the increasing
damage is an evolving process [118].

3.3 The knee joint

3.3.1 Anatomy

At the knee, or articulatio genus, four bones come together, namely the femur, tibia,
fibula and the patella, forming the largest joint of the body, consisting of three ar-



44 Design Considerations for the Glenohumeral Endoprosthesis

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 3.4: Complications after Total Hip Replacements. (a) Femoral head component
dislocation [347]. (b) Severe wear through acetabular component, probably due to the pres-
ence of cement particles [198]. (c) Femoral head off-set change due to acetabular com-
ponent wear [190]. (d) Femoral and acetabular component loosening after severe stress
shielding and osteolysis [6]. (e) Femoral component dissociation after rising from a chair.
(f) Acetabular component failure due to dissociation. (g) Stem fracture in non-cemented
hemi-arthroplasty. (h) Acetabular component failure due to fracture [190]

ticulations (see Figure 3.5). The main articulation is between the medial and lateral
condyles of the femur and tibia, that is the tibiofemoral joint. The patellofemoral
joint, which is the gliding articulation between the patella and the patellar grove of
the femur, results in an increased moment arm of the quadriceps muscle and pro-
tects the tibiofemoral articulation. The fibula is actually not a part of the knee, as
it is connected at the facies articularis fibularis at the inferior part of the proximal
tibia, although it contributes in weight bearing. The tibiofemoral articulation is
separated by the medial and lateral menisci. These menisci deepen and enlarge the
articular surfaces (thereby they are load carrying to a large extend and probably
assisting the ligaments in knee joint stability [2]) and improve lubrication and cush-
ioning [86, 127]. The knee joint contains four ligaments, of which the main function
is to control knee stability. The anterior and posterior cruciate ligaments of the knee
(ACL and PCL, respectively), named after their location of fixation at the tibia (see
Figure 3.5), prevent the tibia from extensive sliding forward and backward on the
femur, respectively [277]. At full extension, the ACL is taut, tends to rotate the
tibia and limits overextension.
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(a) (b) (c)

Figure 3.5: The knee (articulatio genus). (a) Frontal view on the knee joint. (b) Medial
(left) and anterior view on the knee joint. See Figures C.2b and c in Appendix C for color
representations. Adapted from Sobotta

3.3.2 Biomechanics

Joint articulation

Knee joint articulation is more than rotation about a fixed hinge with a non-constant
medial-lateral (saggital) axis. It involves a complex kinematic system of rotations
and translations during knee flexion. Until recently, it was assumed that during knee
flexion the femur moves from front to back on the tibia, known as ’roll-back’ [32].
However, at present it seems that the knee, behaves like a ball-in-socket joint about
its medial condyle, while the lateral side moves from front to back, rotating around
the center of the medial side [32, 188]. This is also confirmed by Freeman and
Pinskerova (2004), although from 120◦ to full flexion they state that both femoral
condyles roll back on the tibia [83].

Joint RoM

Maximal knee flexion, that is articular rotation about the non-constant saggital axis,
is 160◦ according to Rozendal [265], although others found a slightly smaller maximal
flexion angle of 150◦ [180]. Maximal knee stretching leads to a small enforced axial
’end-rotation’, consisting of exo-rotation of the tibia or endo-rotation of the femur.
In the flexed knee, axial rotation of the femur and tibia is made possible. Endo-
rotation is very limited, but exo-rotation can vary between 0◦ and 60◦ [265].

Joint forces and articular area

Tibiofemoral joint contact forces can be very high, during level and downhill walking
up to 6 times BW and 8 times BW, respectively [160]. Iso-kinetic (constant angular
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velocity) prescribed motions were measured in healthy subjects by Baltzopoulos [20]
and Kellis [140]. The maximal joint compression and subluxation forces were 7.53
times BW at 30◦/s (80◦ knee flexion) and 3.89 times BW at 90◦/s, in posterior
direction, respectively [140]. Maximal patellofemoral joint compression forces can
be much larger. Level and downhill walking can result in 1.8 times BW [230] and
5 times BW to 7 times BW [159], respectively. During high demanding tasks, e.g.
during jumping and weightlifting, patellofemoral joint forces can be as high as 12
times BW and 20 times BW, respectively [160].
The articular surface area of the tibial plateau and femur are 2250 and 2950 mm2,
respectively [293]. The articular contact area of the tibiofemoral joint with intact
and damaged menisci can reach 1150 mm2 and 520 mm2, respectively, indicating
their importance [86]. The contact area in the patellofemoral joint depends on
articular angle, but can be as high as 5.800 mm2 [115].

Joint stability

Knee joint stability is achieved by the anterior and posterior cruciate ligaments
(ACL and PCL, respectively). Without limiting normal knee articulation, certain
fiber bundles of the ligaments are always tensioned, pulling the convex femoral
condyles into the concave tibia condyles. In the extremes of knee articulation they
prevent the femoral condyles from excessive translations or from a dislocation [265].

3.3.3 History of knee replacements

Knee replacements started with simply resection of the whole knee in 1861, which
resulted in a good Range of Motion (RoM), but also in a lack of joint stability [79].
Meanwhile, also soft-tissue interposition was tried out (see the history of hip replace-
ments). Verneuil in 1860 and later Murphy in 1913 used fascia lata with subcuta-
neous fat interposition, of who especially Murphy obtained good results [218, 331].
In 23 knees, chromicized pig bladder was positioned between the two articulating
surfaces of the knee. In the 1920’s this concept was continued by the use of prepatel-
lar bursa [44] and fascia lata by Albee [4] and Osgood and Wilson [248]. Speed and
Trout (1949) reported 44.6% good results in 65 treated knee joints [296] and Miller
and Friedman (1952) had 30% good results in 37 treated knee joints [205]. Ny-
lon also has been used as interposition material, which showed good early results,
although the material deteriorated in a later stage [154, 248]. In general, the con-
cept to interposition material between the articular layers was not satisfactory [305].
Also in knee joints debridement has been used, although somewhat later than in hip
joints, which is a more conservative treatment in which osteophytes were resected.
Although in 1940 Haggart used this method as one of the first [100], Magnuson was
credited for popularising this method of treatment [182]. Results were encouraging,
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in the case of correct indications and good post-operative care [305]. Thereafter,
the focus was more on resurfacing of articular surfaces, beginning with the distal
femur in 1940 by Campbell. He used Vitallium plates, screwed to the femur, which
showed poor results [46]. Smith-Petersen used another design, which evolved by
other surgeons into a stemmed femoral component, which was used frequently but
never obtained good results [127, 323]. Replacements of the tibia had their ori-
gin in the 1950’s, adjusted to fit with the two condyles and showed satisfactory
results [182, 200, 257, 321]. Already in 1960 a hinged knee prosthesis has been
used, a design in which the tibia and femoral components are connected by a hinge,
only allowing for rotation about the saggital axis (flexion and extension) [340] (see
Figure 3.6a). This design was especially indicated in the case of patients with an
unstable knee [261]. Another popular hinged prosthesis, the St. George hinged
prosthesis, was implanted in a relatively large number of patients in Europe and the
United States [305]. The modified hinged prosthesis design of Shiers [283] was used
on a large scale in England [305]. Relatively bad results of eight hinged prosthesis
after five years follow-up were reported by Young of the Mayo clinic [363]. Later
designs did not show better results and especially loosening was frequent. The main
issue of this hinged design is that rigidly fixed components experience high stresses,
as the hinge is a constraint for translations and rotations between femur and tibia,
as occurring in the natural knee joint. However, hinged knee prostheses are still
being used, especially in patients suffering from knee instability [261]. The basis for
the presently used Total Knee Arthroplasty also has its origin in the 1960’s when
Gunston together with Sir Charnley implanted two metal runners on the femoral
side, articulating against two grooved polyethylene inserts [96] (see Figure 3.6b).
Although the four cemented components were difficult to align and didn’t lead to
natural knee joint kinematics, the results were satisfactory compared to earlier used
components. Improved instruments led to more accurate insertion, but didn’t give
the desired results and better designs were needed [39, 41]. At the Hospital for
Special Surgery (HSS) (New York) unicondylar prostheses were developed and im-
planted, but they showed poor results. Therefore, the duocondylar prostheses were
developed, which actually consisted out of two connected unicondylar prostheses,
fixed by bone cement. These designs only allowed for simple kinematics, actually
only flexion and extension, which led to high loosening rates as they had to act as a
constraint for the other motions. During this period, the patella-femoral joint was
not taken into account, which could have improved the results dramatically [305].
The poor results, difficulties with component alignment and soft-tissue treatment
were the motivation to improve the designs. Coventry implanted two femoral com-
ponents linked by a bar and two tibial trays joined by an anterior bar, to preserve
the cruciate ligaments (see Figure 3.6c). Although early results were promising, so
that it was even considered to be the first true total knee prosthesis, on the long-
term component failure occurred and the patellar-femoral joint gave problems. In
these designs, natural knee kinematics could still not be obtained and future designs
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had to be better. A big step forward was done by Walker, Ranawat and Insall at
the HSS, with the total condylar knee replacement (see Figure 3.6d). They used
one-piece, cemented components together with new instrumentation, resulting in
reproducible insertion [123, 124]. The design concept has not been changed since
then and shows excellent functionality and good component survival [305, 333].

(a) (b)

(c) (d)

Figure 3.6: Examples of historical knee prostheses. (a) The Young hinged prosthesis
(1960), fixed with cortical screws through the femoral and tibial components. (b) The
polycentric knee (1960), consisting out of four cemented components, which preserved the
cruciate ligaments. (c) The Geometric total knee replacement (1970) (d) The total condy-
lar prosthesis (1974). All Figures are from [302]

3.3.4 Facts

Knee replacements lagged behind hip replacements until the 1990’s, when results
start to improve and nowadays in the USA even more knees than hips are being re-
placed, which will become a global trend. 338,000 knee replacements were carried out
in 1997 [1] and this number still increases every year [3]. Indications for knee replace-
ments are very similar to hip replacements, such as osteo- and rheumatoid-arthritis
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(OA and RA), avascular necrosis (AN), traumatic arthritis and correction of signif-
icant deformities. Radiographic evidence and persistent pain are determinative for
a knee replacement, as patients, who do not have significant loss of joint space, tend
to be less satisfied with their clinical result after total knee replacements [229, 254].
Contra-indications include active infections (knee sepsis), poor medical conditions
(affecting anesthesia and post-operative results), obesity [229, 254], neuropathy and
significant peripheral vascular diseases [254].
In general, 90% of the knee replacements last for about 10-15 years [178], although
this number depends on the specific indication. Patients suffering from RA, in gen-
eral, show lower survival rates than OA patients. An example is a 6 year follow-up
(FU) study, showing 83% and 95% good results in RA and OA patients, respec-
tively [254]. A large study, including 9200 arthroplasties followed for 15 years showed
97% survival at 10 and 15 years. This high number is due to some favorable param-
eters, as it were primary replacements, patients were older than 60 years and metal
backed condylar tibial components were used [254].

(a) (b) (c)

Figure 3.7: Examples of presently used knee prostheses. From left to right: Biomet
posterior constraint, Sulzer kinematic total knee, Biomet anatomic graduated component

3.3.5 Complications

Complications after knee replacements related to prosthesis design include wear,
fracture and loosening of the femoral, tibial and patellofemoral component as well
as knee instability.
Most frequent are patellofemoral joint complications, in the form of tendon rup-
ture, instability, component dissociation or loosening, resulting in anterior knee
pain [178, 254]. The main cause for patellofemoral joint complications is bad func-
tionality of the knee extensor mechanism.
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Wear is a failure mechanism in knee replacements, which is the result of improved
longevity of knee implants (see Figure 3.8a and b). It is studied extensively in
retrieval [88, 199] and by wear simulation studies [332]. After a successful replace-
ment, revision due to completely worn components is still very uncommon, although
revisions of tibial components due to osteolysis of the underlying bone is seen more
often [42].
Not as frequent as in hip replacements, also in femur components after knee re-
placements stress shielding occurs [118, 169], which finally may lead to fracture,
component failure and loosening [118, 241]. In one study, 44% bone loss after 1 year
was found above the femur component, which can lead to periprosthetic fracture
and failure of the femoral component [241].
Component loosening still is a problem in knee replacements [198, 254, 316], espe-
cially in stabilizing prostheses. For example, within 2 years post-operatively, 6 out
of 107 (5.6%) revisions due to acetabular component loosening in RA patients were
found [316].
Component fracture in TKA is frequently described and is mainly a result of ma-
terial shortcomings [54, 312] (see Figures 3.8c and d, which demonstrate fractured
femoral and acetabular components, respectively). Tibial component fracture in pri-
mary and revision TKA occurred in 0.26 and 0.72% of the replacements, respectively.
Furthermore, component fracture is design depended, for example by introducing
stress concentrations, as found in an extensive study including 7683 TKA’s [54].
Knee instability (see Figure 3.8e), is the result of several factors, including surgical
factors (soft-tissue treatment, component selection and positioning), patient factors
(joint pathology) and design factors (conceptual design, wear of especially the tibia
component) [263].

3.4 The ankle joint

3.4.1 Anatomy

The ankle joint, or articulatio talocruralis, is a complex kinematical system of the
tibia, fibula and the talus (see Figures 3.9 and 3.10). The talus fits into the ’mortise
and tenon’ type of joint, formed by the distal tibia and the medial and lateral
malleoli, resulting in a very stable joint. The ankle joint is normally referred to as
the joint between the distal end of the tibia and the superior talus, the tibiotalar
joint [160]. Contrary to other mammals the ankle joint of the human is guided by
a rim on the talus, which separates the tibia and the fibula sliding tracks. Together
with the subtalar joint (the articulation between the talus and the calcaneus) these
joints act as a two axis articular joint. The talus is a passive bone element, no
muscles are attached to it and it only undergoes compulsive movements.
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(a) (b) (c)

(d) (e)

Figure 3.8: Complications after Total Knee Replacements. (a) Excessive wear of a tibial
component (left) vs. direct post-operative situation. (b) Unstable TKA due to polyethylene
wear, implanted with posterior stabilizing knee components [263]. (c) Fracture of a femoral
component [312]. (d) Fracture of the medial part of a tibia metal backing [312]. (e)
Dislocated TKA, implanted with a posterior stabilizing knee component [89]

3.4.2 Biomechanics

Ankle joint articulation

Although the ankle joint is often referred to as a single axis, dorsiflexion and plan-
tarflexion hinge, multiple joint motions are possible and the axis orientation may
slightly vary [103, 150, 228]. This is due to the anatomical shape and the surround-
ing soft-tissues. The non-constant axis of rotation is due to the glide-slide character
of the tibiotalar joint and the difference in radius of curvature of the distal tibia and
talus [24, 228, 341].

Joint RoM

The ankle joint allows for dorsi- and plantarflexion, that is articular rotation about
the non-constant saggital axis. In standing position, maximal dorsiflexion is 30◦ [180]
and maximal plantarflexion is 60◦, although both joint angles might show a large



52 Design Considerations for the Glenohumeral Endoprosthesis

(a) (b)

Figure 3.9: The ankle joint (articulatio talocruralis). (a) Frontal view on the foot, includ-
ing the ankle. (b) Medial-lateral section of the ankle joint. See Figure C.2d in Appendix C
for a color representation. Adapted from Sobotta

(a) (b)

Figure 3.10: X-ray of the ankle joint. (a) Medial-lateral (b) Anterior-posterior. Adapted
from Sobotta

variation [265]. Two other main joints of the foot are the subtalar joint, allowing for
eversion and inversion, that is articular rotation about the superior-inferior axis, and
the tarsal joint, allowing for supination, that is the articular combination of plantar
flexion, tarsal inversion, and forefoot adduction and is the opposite of pronation (see
Figure A.1, in Appendix A).
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Ankle joint forces and articular area

Forces at the ankle joint were measured using force plates by Stauffer et al. (1977),
including 5 healthy subjects, 9 diseased subjects, pre-operatively and 6 of them also
post-operatively. During level walking the subluxation force reached 0.36 times BW
for all subject groups, whereas the maximal joint compression force was 5.5 times
BW and 3 times BW for both the healthy and pre- and post-operative patients [300].
In a 3D joint model of the lower extremities (including 4 bone segments, 47 muscles,
3 joints, an inverse dynamic solution procedure and optimization for muscle redun-
dancy) ankle joint forces exceeded 4 and 10 times BW during walking at 1.5 m/s
and running at 5 m/s, respectively [91].
The large contact area of the ankle joint is due to the fact that it is the most conform
joint in the body [284] and in cadaver measurements it is found to be 1408 mm2 (by
summing the medial, center and lateral area) [156].

Joint stability

The anatomical ankle joint is very stable, as a result of the cooperation of three
articular surfaces (tibiotalar, the medial malleolus and talus and the lateral malleolus
and talus) with the ligamentous and muscular structure [228].

3.4.3 History of ankle replacements

The history of ankle joint replacements is not that extensive as for the hip and
knee joint. In general, more conservative treatments were applied, such as adjusted
shoes, orthoses and, if surgery was really needed, than it wasn’t an replacement. De-
bridement has been used, such as removal of ostheophytes from the tibia and talus.
And mostly, patients with a pathologic ankle joint were treated by an arthrodesis,
in which the ankle joint is fused [24, 100] (see Figure 3.11). If performed well, the
patient is pain free and has a stable ankle joint [305], which can occur in 59% to
75% of the treated patients [35, 191, 196]. Already in 1878, the first ankle arthrode-
sis was described [60] and thereafter more than 30 techniques have been presented,
indicating the difficulty of this surgery. Complications included infection, skin wrin-
kling, nerve injury and non-union of the bone elements [100, 191]. However, after
an arthrodesis, patients need a long period of immobilization, ankle joint stability
is not always achieved and natural gait pattern is disturbed [227]. This leads to
excessive stressing of other joints of the ankle as well as the knee joint [305] and also
high pseudo-arthritis, infection rates and pain were found, leading to multiple joint
problems [24, 114].
The disadvantages of ankle arthrodeses in combination with good results of hip and
knee replacements increased the motivation for the development of ankle prosthe-
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ses [114, 305]. The first described ankle prosthesis was the St. George Bucholz [146],
followed by many others. In general, they consisted out of a metallic, convex and
high-density polyethylene concave component, fixed by Polymethyl-Methacrylate
(PMMA) bone cement in the talus and distal tibia, respectively. Reversed and
’ball-in-socket’ implants also existed.
As also seen in knee prosthesis design, there was (and still is) a design conflict. On
the one hand, a constrained/conform device provides good joint stability but on
the other hand it shows high loosening rates as it acts as a constraint for the joint
translations and multiple rotations. The unconstrained device has better long-term
component fixation and mobility, but is also more painful and could lead to joint
impingement. Ankle replacements are difficult as demonstrated by the type and
number of complications, such as wound healing problems and deep infections. Fur-
thermore, post-operative motion was limited, pain was still present and fracture of
both malleoli occurred. Despite these complications, early post-operative successes
(less than 5 years FU) showed a survival rate of 80-85%, which unfortunately rapidly
decreased thereafter to 35-75% at more than 5 years FU [97]. Especially young (and
thus more active) patients, who have undergone previous foot surgery, showed bad
results. 62 Imperial College London Hospital (ICLH) implants were followed for
an average period of 5.5 years and 21% failed and required attempted arthrodesis
and not more than 21% had a satisfactory outcome [35, 292]. Very poor results
were reported by Wynn and Wilde (1992), discussing 36 constrained Conaxial ankle
replacements, of which 27% loosened at 2 year, 60% at 5 year and 90% at 10 year.
As a result, it is recommended not to use this prosthesis anymore [292, 359]. These
results were not very encouraging and ankle joint replacements dropped, although
they have been taken up again not long ago, based on semi-constraintness, but un-
fortunately follow-up doesn’t exceed 5 years and quality judgment of presently used
prosthesis will take more time [3, 60, 97].

3.4.4 Facts

In 1995, 5.000 Total Ankle Replacements (TAR) have been carried out in the USA,
which is negligible compared to the number of hip and knee replacements in that
year (246.000 and 312.000, respectively) [1].
Indications for a TAR were expanded in the 1970’s to RA and severe pathologic
ankle joints and also for traumatic arthritis [228]. Unfortunately, not so long ago,
FU with longer durations have shown extensive fall in results of the TAR and some
groups even advised to not implant ankle prostheses [35, 325, 359]. Recently, inter-
est increased and early results seem more promising [228, 305], although follow-ups
of more than 5 years are scarce. However, some ankle prosthesis designs are com-
mercially available (see Figure 3.12).
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(a) (b) (c)

Figure 3.11: Examples of a successful ankle arthrodesis [38]. (a) Pre-operative antero-
posterior radiograph showing ankle arthrosis. (b,c) Post-operative anteroposterior and
medial-lateral radiographs

Contra-indications for an ankle replacement are talus necrose, deep infections in
or around the ankle joint, severe osteoporosis and arteriosclerosis, a charcot joint,
difficulties after malleo-resections, inevitable risks of high post-operative joint loads
(e.g. due to psychiatric or neurological disorders) [151].
Ankle replacement is behind hip and knee replacement with respect to develop-
ment, which can be seen clearly from the results. Two remarks should be made
when describing the results of the ankle replacement, namely the more pronounced
distinction between results in terms of direct post-operative improvement of the an-
kle joint and long-term survival of the replacement and the large spread in results.
Direct post-operative improvement, in terms of pain relief and RoM can be consid-
erable, as described in the study of 40 patients by Rudigier et al. [267]. The direct
post-operative Kofoed ankle score, which is determined by the level of pain, mobility
and joint functionality with a maximum up to 100, increased from 34.75 to 91.25
and persistent pain relief disappeared in every patient. Post-operative RoM of only
five patients was less than 25◦ and even 14 patients had normal ankle flexion of 40 to
60◦ for 4 years. Whereas pre-operative 23 patients were able to walk not more than
1 km, post-operative this number of patients decreased to only 2. But unfortunately,
post-operative complications occurred relatively short after implantation, including
wound edge necrosis, infections which required component removal and a continuing
bone ossification for which an arthrodeses was necessary [267]. In the kinematical
study by Stauffer et al. (1977), ankle motions during walking were compared be-
tween healthy, pathologic and treated ankle joints, showing 24.4◦, 19.5◦ and 23.1◦

flexion, respectively. The general walking pattern was maintained for diseased and
operated ankles, as were the ankle joint subluxation forces (0.36 times BW), but
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the joint compression forces decreased from 4.5-5.5 to 3 times BW [300]. Results of
the study about the Mayo constrained ankle prosthesis are investigated, including
160 replacements, indicated for rheumatoid-arthritis, post-traumatic osteo-arthritis
and osteo-arthritis for 60, 35 and 5%, respectively [150]. The mean post-operative
RoM was 5◦ and 19◦ dorsi- and plantarflexion, respectively, with a large scatter.
Complications were found in 19 replacements, including superficial and deep infec-
tions, malleolar fracture, migration of the wire from the tibia, dislocation of the
tibia, component ulceration of the medial aspect of the ankle, and additionally 94
re-operations had to be performed, because of serious complications. After 17 years,
57 replacements failed at an average of 4.4 years and they recommended to stop
using this specific ankle prosthesis design [150].
Recent studies show promising more results. In a study from Doets et al. (2005),
in which 76 patients underwent 93 ankle replacements with a mobile-bearing total
ankle prosthesis showed a survival of 90% and 48%, in the case of neutral ankles
and ankles with a varus-valgus deformity, respectively [72].

(a) (b) (c)

Figure 3.12: Examples of presently used ankle prostheses. (a) The mobile bearing, semi-
constrained STAR ankle (Scandinavian total ankle replacement). (b) The ESKA total
ankle replacement. (c) The constrained agility ankle implant (dePuy)

3.4.5 Complications

Compared to hip and knee replacements, less information is found in literature about
complications of ankle joint replacements, although the percentage of complications
is far more. It is recommended to not use the ankle Mayo constrained ankle pros-
thesis, as not less than 36% of 204 ankle replacements failed, defined by component
removal [147]. Post-operative complications include superficial or deep infections,
wound healing difficulties, malleolar fractures, dislocation of the talar component,
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ulceration of the medial aspect of the ankle joint [147, 269], wound edge necro-
sis, infections leading to component removal, a continuing ossification resulting in
an arthrodeses, component damage [267] and aseptic loosening of the components,
mainly in constrained and cemented components [172, 269] (see Figure 3.13). An-
kle instability is also mentioned as a complication, especially in the unconstrained
designs [172]. According to Michelson et al. (2000), all ankle replacements concepts
show good results in the first 2 to 3 years, whereafter a rapid decline of survival rates
is demonstrated, including implant loosening, pain and component failure, leading
to recommendations against the general use of ankle replacements [204].

(a) (b)

Figure 3.13: Complications after Total Ankle Replacements. (a) Direct post-operative X-
ray. (b) X-ray, twelve years post-operative, demonstrating marked subsidence of the talar
component, indicating a loosened component [147]

3.5 Design

The main goal of a joint replacement is long-term pain relief and restoring joint
functionality to live an independent life. Results have been improved in the last de-
cennia, especially for hip and knee replacements, but long-term complications still
occur in hip, knee and especially ankle replacements [107, 178], as described above.
Thus, conceptually new or adjusted prosthesis designs are under investigation to
improve the results. Design criteria and research on design improvements focuses
on the mentioned complications, in general and more specific for the hip, knee and
ankle joint, will be discussed in this section.
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Joint endo-prostheses in load bearing joints, which must allow for a certain range
of motion, all have some main design criteria in common, which are relieving the
patient from excessive pain, restoring natural functionality (the combination of a
natural Range of Motion and joint strength), ease of surgery and that it should ful-
fill these tasks for a reasonable period without complications. To what extent these
main objectives are achieved depends mainly on four factors, namely the patient,
surgical, design and post-operative care factors [43].
The level of pain, a very subjective parameter, is, among others, caused by joint
impingement and component loosening. Impingement, that is jamming of the joint
against a hard constraint at certain joint positions, is directly depended on the ge-
ometrical design and kinematical behaviour of the replaced joint. Early loosening
results in relative motion between the prosthesis-bone or cement-bone interfaces and
can cause joint pain, e.g. pain in the proximal femur [118]. The design must allow
for enough range of motion (RoM), while keeping in mind joint stability and fixation
strength.
Examples of geometrical design parameters are the constraint angle θ0 of the con-
cave component (a large constraint angle results in a decreased RoM and increased
stability) and also the CoR of the joint, which determines muscle moment arms.
Ease of implantation of prosthetic components is mainly determined by surgical ap-
proach, patient position during surgery, type of alignment guides (mechanical tools
or by camera assisted surgery) and component design [70, 315]. Although many re-
search is focused on this subject, clear understanding of the influence of the design
on post-operative alignment is difficult due to the amount of involving parame-
ters [315]. From a design point of view, long-term survival, a difficult objective,
is determined by implant failure (wear, implant fracture, dissociation of modular
components, etc.), implant loosening (determined by radiographic evidence, exces-
sive subsidence, migration, component micromotions or even complete displacement
from the natural position) and the biological and biomechanical reaction of the host
body to the implant (e.g. a tissue reaction such as osteolysis due to wear debris and
bone adaptation due to bone remodelling, respectively).
The number of daily activities has been investigated by Morlock et al. (2001) [214].
The number of walking and stair climbing steps per day were found to be an average
of 2337, leading to over 850.000 steps per year. A higher number was measured by
Schmalzried et al. (1998), exceeding 900.000 steps per year, although there was
large scatter in the data [281]. As 85% of the hip and 97% of the knee replacements
function properly after 15 years, respectively, the total number of load cycles can
by far exceed 10 million. This is an important design input, with respect to wear of
the UHMWPE component and fatigue of the fixation.
The general design issues, such as wear, stress shielding and biological bone depo-
sition, will be discussed on the basis of the hip joint, although they can also be
applied on the knee and ankle joint.
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One of the main goals of joint replacements is to restore joint functionality, which is
done by careful component selection and accurate positioning. Reconstruction of the
original joint can furthermore be improved by good adjustment of modular compo-
nents, which is allowed for by many present used prosthetic systems. This is particu-
larly helpful in developmental dysplasia of the hip and posttraumatic arthritis [197],
to achieve the best fit for the individual patient. However, although component
modularity can be beneficial for prosthesis adjustment, it introduces new problems,
such as increasing risk of fretting, wear debris (a source for increasing component
wear [103]), as well as dissociation and mismatching of components [23, 134]. Mod-
ular component design should focus on minimizing the mentioned problems, while
keeping in mind the ease of surgery.

The hip joint

Most design issues of the hip prosthesis are related to long-term aspects. The host
tissues, the artificial material as well as the interfaces. Due to the many repetitive
load cycles in combination with the high forces, the main focus of the hip replace-
ment is on acetabulum component wear, stress shielding of the proximal femur and
subsidence of the femoral stem. During time, the ensemble of surface wear, subsi-
dence and stress shielding will lead to increasing deterioration of the materials and
fixation. These design issues will be discussed extensively.

The knee joint

Next to the more general design issues as discussed for the hip replacement, the main
design issue of the knee replacement is the design conflict between knee stability,
wear and component loosening. To solve knee instability, a posterior stabilized or
constrained prosthesis can be inserted, but the enforced limited degrees of freedom
will increase the interface stresses at the fixation of the implant [263]. Several studies
compared the posterior cruciate ligament (PCL)-retaining and PCL-substituting
total knee replacement (TKA), with respect to knee stability. It was found that the
PCL-retaining TKA didn’t improve knee stability while PCL-substituting TKA did
improve knee stability compared to the pre-operative condition, respectively [219].
To improve knee stability during flexion, a posterior stabilizing prosthesis should be
used [178].
Wear rates decrease in the case of increasing joint conformity, but this may lead to
high loosening rates in the case of not using a mobile bearing. This is due to the fact
that the knee joint shows small translations of the articular center of rotation. A
mobile bearing knee consists of a metal, convex femoral component and flat, metal
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tibial component with a UHMWPE, perfectly fitting disc in between. A design
taking into account the knee rotation about the medial pivot point, leads to both a
more normal motion pattern and improved joint stability [32].

The ankle joint

The design issues of the ankle replacement, are very similar to the hip and knee
joint, in that fixation, low wear rates, joint stability and pain relief must be guar-
anteed for a long period.
Ankle prostheses can be constrained (such as the Mayo, Imperial College London
Hospital and Conaxial ankle replacements), semi-constrained (such as the STAR
ankle replacement) and unconstrained (such as the Newton and Irvine ankle re-
placement). The prosthesis consists out of 3 or 2 components, which are fixed by
pegs, different shaped stems and cylindrical or rectangular bars (see Figure 3.12). As
so many fixation concepts are available, it can be stated that component fixation in
ankle replacements is difficult, which is the result of the few bone material to fixate
and the multiple joint rotations and translations during joint articulation. Recently,
the number of metal backed components fixed by bone ingrowth is increasing.
The design conflict is very similar to the knee prosthesis, in that both joint stability
and fixation must be guaranteed. Although constrained prostheses provide joint
stability, they might show high loosening rates, as discussed previously. However,
although unconstrained ankle prostheses demonstrate lower loosening rates, they
might lead to soft-tissue and malleolar impingement [228].
The ankle replacement requires high surgical accuracy, as even an error of 1 to 2
mm of soft-tissue tensioning can affect joint laxity. Therefore, the three part ankle
prosthesis, including a UHMWPE meniscal disc available in a range of thickness in
between the metal parts, is often used to adjust ligament tension [228].

3.5.1 Wear

Wear occurs mainly in the UHMWPE cup components and is a continuing process,
even more pronounced in the lower extremities due to the high number of annual
walking steps with accompanying high joint forces. Design of the convex, metal
head component is important in preventing wear of itself and the counteracting
UHMWPE cup component. The head radius of curvature shows a design conflict
with respect to wear. A smaller head leads to smaller relative motions between the
two contact surfaces and a thicker polyethylene liner can be used, leading to slightly
decreased contact stresses [309], with accompanying decreased wear. On the other
hand, a bigger head can reduce wear due to a larger contact surface and thus lower
contact stresses, although concave component thickness must be decreased due to
limited joint space. The discussion is still continuing, but femoral heads with a
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radius of curvature larger than 32 mm seem to be unfavorable compared to smaller
ones, as they show higher wear rates [65].
Although femoral head surface properties influence glenoid component wear, clear
statements are difficult, as an unambiguous relation between surface roughness and
wear in component retrieval studies is not found [75, 78, 103]. It may be that not
only the surface roughness Ra but also the roughness skewness Rsk is of importance.
Rsk is a measure for the distribution of the peaks and valleys of the surface, positive
and negative if more peaks or more valleys are present, respectively (see Figure 3.14).
A negative skewness indicates small craters at the surface, which can be filled with
fluid, leading to improved lubrication [78]. As a result, a high surface roughness in
combination with a negative skewness can show very low wear rates.
To minimize the occurrence of completely worn components, component thickness
should be at least 6 mm [65], a more pronounced issue in the case of small joints
and metal backed components. A common component thickness of 7-8 mm in com-
bination with a high wear rate of 300 µm per year [278], leads to a wear through
period of more than 20 years and direct implant failure due to wear is not likely to
happen. Increasing age, level of activity, femoral head size, decreasing polyethylene
thickness, and insertion of total hip prostheses without cement all increase polyethy-
lene wear [69].
The method of UHMWPE component manufacturing has some influence on the
wear. Molded components show lower wear rates compared to machined ones, espe-
cially directly post-operatively, with values of 50 and 110 µm/year for molded and
machined components, as found in a patient follow-up study [21].
Furthermore, wear is influenced by the method of sterilization. Using gas steriliza-
tion, such as ethylene oxide or gas plasma, decreases immediate oxidative degrada-
tion but does not improve wear resistance. Using gamma-irradiation, avoids oxida-
tion and results in cross-linking, leading to decreased wear rates. However, long-term
oxidation will occur, thereby decreasing wear resistance [202].
Wear of UHMWPE components decreases in the case of using a ceramic counteract-
ing head component, made of zirconium or aluminum oxide, as compared to metal
heads made of CoCr [78, 103, 278]. Zirconium oxide heads show a more negative
skewness with better fracture resistance than aluminium oxide heads, resulting in an
even more decreased wear rate [78]. Annual wear rates of CoCr against UHMWPE
are 100-300 µm, aluminum oxide (femoral head radius of 32-28 mm) or zirconium
oxide (femoral head radius of 22 mm) against UHMWPE show 50-150 µm and CoCr-
CoCr and aluminum-oxide pairings show an annual wear rate of only 2-20µm [278].
Third body wear, the result of mainly the hard cement particles containing bar-
ium sulfate or zirconium, can cause damage to both the acetabular and femoral
components [274]. The femoral head component must be hard and strong enough
to prevent scratching of the smooth head and, due to their hardness, ceramics are
superior to metal heads.
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(a) (b)

Figure 3.14: Representation of surface skewness Rsk of the femoral head. (a) Negative
skewness, (b) positive skewness. A negative skewness can have a positive effect on wear
rates of UHMWPE components [78]

3.5.2 Biological bone deposition

Osteolysis in hip replacements is a common long-term complication. Osteolysis is
a foreign body inflammatory response along the implant-bone interface and in the
joint capsule and actually it can be seen as wear debris induced bone loss [198].
To a large extent, the body is capable of removing wear debris by the host defense
mechanism, although the capacity is limited. The remaining wear particles are
toxic to macrophages and they can secrete potent inflammatory mediators, which
are indeed found in periprosthetic tissues, causing bone resorption, directly and
indirectly by affecting osteoblasts, the bone building cells.

3.5.3 Stress shielding

Stress shielding is the result of bone remodelling, which can occur after a joint re-
placement using a stemmed component (see Appendix B). The relatively stiff stem,
compared to bone, takes over most of the joint loading, for example at the proximal
femur, resulting in a stress by-pass in this region. If the altered load distribution is
changed more than a certain threshold level as compared to the natural condition,
the bone will start adapting its morphology by a still very unknown remodelling
process [118, 345]. In this region, the cortical bone gets thinner, whereas the den-
sity of trabecular bone around distal corners of the prosthesis increases. Especially
non-cemented hip replacements show this phenomenon, as they have a larger stem
diameter. The environment around the joint will weaken, resulting in an increased
risk of bone fracture and stem loosening as well as unfavorable bone support in the
case of a revision surgery [117, 345]. Prosthesis design must take into account this
phenomenon, by stem geometry, proper material selection, proximal coating and fix-
ation [118, 280]. However, this must be done, keeping in mind other design criteria
such as component strength, interface stresses and micromotions, which may result
in soft-tissue formation, migration and finally component loosening [77].
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3.5.4 Loosening

Several acetabular components are used nowadays. Fixation can be either cemented
(all PE or with a metal backing) or non-cemented (PE inlay with a metal backing).
Revision rates of cemented, metal backed acetabular components are about 10%
within 10 years (n=86) [50]. At a mean of 8.5 years a total of 4% (n=72) of the non-
cemented metal backed acetabular components needed a revision [289]. Although
the non-cemented acetabular component is the common used one [213], results de-
pend on the design of the components and can be poor. In a study of 120 hip
replacements, loosening was found in 17% and more than one third showed radio-
graphical loosening [132]. Cemented metal-backed acetabular components are still
frequently used nowadays [174], as they decrease stresses in the critical cement-bone
interface. When selecting a metal backed component with a PE inlay, dissociation
of the inlay from the metal backing can occur, although this happens very infre-
quently [33]. This depends on manufacturing tolerances, design (conformity of the
metal shell and the UHMWPE inlay) as well as loading conditions of the hip joint.
If the backside of the PE inlay is not conforming to the concave metal backing, peak
stresses can result in wear and loosening [157].

(a) (b)

Figure 3.15: Hip prostheses with different articular material combinations. (a) The
Muller hip, with a ceramic head articulating against a UHMWPE acetabulum component.
(b) The Zweimuller hip, with a metal against metal articular combination (with a PE
inlay) [278]
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Figure 3.16: Schematic representation of the load distribution in the hip joint. (a) In
the anatomical hip joint the loading is distributed into the proximal cortical and trabecular
bone. (b) In the replaced hip joint, the relative stiff stem will carry the proximal loading,
leading to a more distal load distribution

3.6 Conclusions

Replacement of the hip and knee joint is a standard procedure in the case of excessive
pain and limited joint functionality, with a survival rate of 85% after 15 years for hip
replacements and slightly better in the case of knee replacements. Unfortunately,
this doesn’t hold for the ankle joint. Although direct functional improvement and
pan relief are good, excessive complications occur within 3 to 7 years and it is
frequently recommended not to use the ankle replacement. Instead, it is advised to
switch to the ankle arthrodesis, in which the tibia and talus are fused. However,
recent studies show more encouraging results of ankle replacements.
Due to the good results of the hip and knee replacement with respect to post-
operative joint functionality and component fixation, their design issues are more
related to long-term complications, such as stress shielding, component wear and
component failure. Hip prosthesis design focuses on wear-through of the UHMWPE
acetabulum component and design of the femoral stem, to improve stem fixation
and to decrease stress shielding. The main design issue of the total knee prosthesis
is the dilemma of component fixation versus knee stability, as knee flexion consists
out of a combination of rolling, sliding and axial rotation. In the case of the ankle
joint, designing a prosthesis which allows for anatomical articulation, joint stability



The hip, knee, ankle joint and their replacement 65

and long-term fixation seems to be a challenge and (conceptually) new designs must
find an optimum or even cancel out this design dilemma.
The hip and knee replacement perform much better in terms of long term patient
satisfaction, compared to the shoulder and ankle replacement. Both hip and knee
replacements show good long-term fixation and enough functional increase to easily
perform activities of daily living. In the case of the ankle replacement, direct post-
operative complications such as infection and bad wound healing still occur and
mid-term follow-up studies showed a dramatic decline of the prosthesis survival.
Although shoulder replacements show survival rates which are comparable to hip
and knee replacements, post-operative functional increase is not sufficient to perform
all ADL. This is also reflected in Table 3.1.
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Chapter 4

Translational stiffness of the
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4.1 Introduction

Total Shoulder Arthroplasty (TSR) is a common treatment for patients with a dete-
riorated glenohumeral joint, often a result of rheumatoid-arthritis or osteo-arthritis.
However, especially patients suffering from rheumatoid-arthritis, often have a dete-
riorated Rotator Cuff, which is not able to provide the required joint compression
force for proper joint stability. As a result, the glenoid component may experience
high off-center loading, which may lead to tensile and compression stresses at the
interface and even to a joint dislocation. The optimal geometry for the glenoid com-
ponent to minimize off center loading, focused on joint conformity and constraint,
keeping in mind other design criteria, still has to be investigated.
The shoulder endoprosthesis has conflicting design criteria, in that a sufficient Range
of Motion (RoM), proper component fixation and prevention of humeral head dis-
location cannot go together. For example, an increasing radius of curvature Rg of
the glenoid component results in a decreasing constraint angle θ0, for a fixed glenoid
superior-inferior chord length cg (see Figure 4.1). The beneficial increased RoM will
lead to increased eccentric glenoid component loading and possibility of humeral
head dislocation. This off-center load, increased by pathology of the Rotator Cuff
and other soft-tissues, may be the main contribution to glenoid component loosen-
ing [12, 167].
Several studies have analysed the behaviour of the shoulder joint loaded by a sub-
luxation force. The studies can be divided in analyzing the mechanisms, which
prevent subluxation and dislocation in healthy shoulder joints [31, 63, 350, 343],
as well as in pathologic shoulder joints [245, 361] and in prosthesis design related
studies [63, 135, 12]. The first group focused on the mechanisms and morphological
structures, by means of anatomic cadaver studies with different dissection levels.
The second group of examinations compared the biomechanical behaviour of shoul-
der joints with and without rotator cuff deficiencies. The third group examined the
behaviour of the replaced shoulder, by means of clinical studies and experimental
testing. Although these studies give insight in the stability of the shoulder joint, a
thorough biomechanical analysis on the effect of design parameters on the stability
is lacking and good criteria for shoulder component design are still not available.
Proper understanding of the effect of geometrical design parameters on the theo-
retical relationship between joint translations and joint forces may contribute to
improved designs. This relationship can be described by the joint translational stiff-
ness, this is the gradient of the subluxation force with respect to the corresponding
humeral head displacement. The main objective of this study is to provide a theoret-
ical approach to investigate the effect of geometrical design parameters on the joint
translational stiffness, to be used in future prosthesis design and selection. Very
often, the terms stability, subluxation, joint dislocation and stiffness are used in a
misleading way. Therefore, first a standardization of definitions of these terms will
be given.
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(a) (b)

Figure 4.1: Schematic representation of the artificial glenohumeral joint, in anterior-
posterior direction. (a) Stable articulation. (b) Unstable articulation

4.2 Definitions

For proper understanding of this study and, in general, for efficient future discus-
sions, definitions are proposed for commonly used terms in shoulder joint kinematics.
Subsequently, joint positions and articular regions, joint translational stiffness, sta-
bility, subluxation and dislocation will be discussed.

4.2.1 Joint positions and articulation regions

In this study, several joint positions and articular regions are distinguished (see
Figure 4.2). The analysis starts with a centered humeral head HH (position 1 in
Figure 4.2) and no subluxation force is present. Increasing the inferior directed
subluxation force Fy increases ϕ1, as well as dy and dz in the case of articular non-
conformity (κ < 1). This is articulation in region 2 (ϕ1 < θ0). If the maximal
allowable subluxation force before a joint dislocation occurs (Fymax) is applied, the
force angle between the joint compression and subluxation force ϕ1 is equal to θ0.
This is at joint position 3. Articulation about the inferior rim (0 < ϕ2 < θ0) in
region 4 is called subluxation. If the subluxation force Fy is removed, the humeral
head will return back inside the glenoid cavity. However, this cannot be guaranteed
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at joint position 5 (ϕ2 = θ0, dy = 1
2
cg) and to relocate the HH back inside the

glenoid cavity, an external restoring force is needed. A joint dislocation is defined as
articulation at joint position 5 or more downward (ϕ2 > θ0, dy > 1/2cg). A similar
description can be given for a superior directed subluxation force.

Figure 4.2: Overview of typical joint positions (1, 3, 5) and articular regions (2, 4). 1.
Starting position with a centered HH (ϕ1 = 0) 2. HH articulation within glenoid cavity
(0 < ϕ1 < θ0) 3. HH position with tangential surface contact at the glenoid rim (Gri)
(ϕ = θ0) 4. Subluxation outside glenoid cavity (0 < ϕ2 < θ0). 5. HH position for maximal
dz (ϕ2 = θ0)

4.2.2 Joint translational stiffness

In general, stiffness relates the magnitude of the deformation of a construction with
the applied load. A well-known example is the spring stiffness K, which is influenced
both by geometry and the spring material. This stiffness can be analysed by the
elastic potential:

V =
1

2
Ku2 (4.1)

where V is the elastic potential, K the spring stiffness and u the displacement of
the endpoint of the spring. The force F due to the displacement u is the derivative
of the elastic potential V with respect to u:

F =
∂V

∂u
= Ku (4.2)
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The spring stiffness relates the variation of the spring force ∆F due to a small
variation of the displacement ∆u:

K =
∂2V

∂2u
(4.3)

Similarly, the joint translational stiffness relates variations of displacement of the
humeral head component relative to the glenoid cavity with variations of the applied
subluxation load in the same direction. In general, the joint translational stiffness
is influenced by the materials and geometry of the glenoid and head components,
the joint compression force and, due to the non-linear behaviour, also by the joint
position. This quantity can be expressed as:

Ki =
∂Fi

∂di

(4.4)

where Ki is the joint translational stiffness and di the displacement of the center
of the humeral head in the direction of the force Fi. In general, the subscript i
can be replaced by x, y and z, resulting in the joint translational stiffness in the
anterior-posterior, superior-inferior and medial-lateral direction, respectively. In the
x- and y-direction this translational stiffness relates the joint subluxation forces (Fx

and Fy) and the displacement in the x- and y-direction (dx and dy), respectively.
In the z-direction this translational stiffness relates the joint traction force (Fz) and
the displacement in the negative z-direction (dz). In this study the joint translation
stiffness in y-direction (Ky) is analysed, as this is a common direction of humeral
head instability.

4.2.3 Stability

In clinical studies, instability is often referred to as large translations of the humeral
head in the glenoid cavity or even as a joint dislocation [31, 193, 350, 353]. In
technical and biomechanical studies there is no absolute definition of stability, as it
depends on the structure and force system of investigation as well as the perturba-
tion. According to Leipholz (1987) stability can be explained as follows [168]:

’If the magnitude of the perturbation of the perturbed system does not
exceed a predetermined measure, the system is stable, else it is unstable.’

In this static analysis, stability is defined as the reaction of the humeral head to a
small displacement δdy due to a subluxation force disturbance δFy for a given joint
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position. This stability depends on the sign of the joint translational stiffness Ky

and can be expressed mathematically as:

• Stable: Ky = ∂Fy

∂dy
> 0,

• Neutral: Ky = ∂Fy

∂dy
= 0,

• Unstable: Ky = ∂Fy

∂dy
< 0.

4.2.4 Subluxation

Very often, the terms subluxation and dislocation are mixed up or used in a mislead-
ing way [135]. Subluxation in this study is defined as articulation about the glenoid
rim, by which the HH can always be relocated by the RC. This is articulation in
region 4 (see Figure 4.2). During articulation in region 2, at joint position 3 and
during subluxation, the HH will return to joint position 1 when the applied Fy is
removed.

4.2.5 Dislocation

In this study, HH dislocation is defined as static equilibrium joint positions by which
the RC is not able to relocate the HH and an external restoring force is needed.
This is in the case of HH positions at ϕ2 > θ0 or dy > 1

2
cg (joint position 5 and

more downward according to Figure 4.2). When increasing Fy for given Fz until the
resultant force just directs outside the glenoid cavity (ϕ1 > θ0), uncontrolled joint
translations outside the glenoid cavity will occur and no static force equilibrium will
be obtained [10]. To relocate the HH in joint position 1, an external restoring force
is needed.

4.3 Methods

4.3.1 Assumptions

In this two-dimensional, static rigid-body analysis, Fz is the joint compression force,
mainly resulting from muscle forces. This force is taken as 1000 N and is assumed
to be constant, which is justified by the fact that the influence of a displacement
dy of the humeral midpoint ch on Fz is supposed to be small. In all analyses, the
humeral component has a smaller radius of curvature than the glenoid component
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(joint conformity κ < 1). The components are assumed to be undeformable (rigid-
body analysis) and the glenoid component is fixed with respect to the reference
coordinate system. Friction is neglected in this analysis, leading to joint contact
forces, which are perpendicular directed to the articular surfaces. Furthermore, the
analysis is focused on head translations in the positive y-direction, although similar
results can be obtained for humeral head translations in the negative y-direction, as
well as in the positive and negative x-direction.

4.3.2 Calculation of joint displacements, subluxation force

and joint translation stiffness

In this study, a potential field V is introduced to give the displaced rigid humeral
head a potential energy, which can then be used to relate the subluxation force and
joint translational stiffness Ky with the joint displacement dy for all joint positions
according to Figure 4.2. The subluxation force and joint translational stiffness are
calculated by taking the first and second derivative of the potential energy with
respect to dy, respectively. The potential energy is zero at the origin of the coordinate
system, with an increase of potential energy in the direction opposite to the force
direction (see Figure 4.1). This is a two-dimensional analysis in the YOZ-plane, as
Fx is not included. With y = dy and z = -dz, (see Figure 4.1), the potential energy
can be expressed as:

V = −Fydy + Fzdz (4.5)

During articulation, the radius of curvature of both the glenoid and humeral compo-
nent, Rg and Rh, as well as the glenoid superior-inferior chord length cg determine
the pattern of movement of the humeral head. As a result, also due to the rigid-body
character, dy and dz are coupled. As the joint translational stiffness is related to the
displacement dy, this displacement is the chosen degree of freedom.
The analysis starts with the humeral head centered in the glenoid cavity (joint po-
sition 1 (see Figure 4.2)). The first part of the analysis is focused on articulation
inside the glenoid cavity (articulation in region 2). Joint position 3 divides the first
and second part of the analysis, which is articulation outside the glenoid cavity (ar-
ticulation in region 4). The end point is where the instantaneous midpoint of the
humeral head ch has its most lateral position, in other words, when the humeral
head starts to dislocate (joint position 5). For both articular regions 2 and 4 the
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subluxation force Fy is a function of several parameters:

Fy = f(Fz, dy, Rg, Rh, θ0) =
∂V

∂dy

(4.6)

and the joint translational stiffness Ky is the derivative of Equation 4.6 with respect
to dy:

Ky =
∂Fy

∂dy

=
∂V 2

∂2dy

(4.7)

Articulation inside the glenoid cavity (0 < ϕ1 < θ0, region 2 in Figure 4.2)
The results of the subluxation force Fy and translational stiffness Ky for articulation

in region 2 are derived in this section. Because rigid-bodies and constant radii
of curvature are assumed, a relationship between dy and dz can be derived. The
theorem of Pythagoras can be used to calculate ρ (see Figure 4.1a) and as a result
also dz as function of dy:

ρ2 = d2
y + (ρ− dz)

2 ⇒ ρ2 − d2
y = (ρ− dz)

2 ⇒ dz = ρ−
√

ρ2 − d2
y (4.8)

The potential energy can be expressed in the coupled degrees of freedom (dy and dz)
(eq. 4.9) and setting the derivative of this potential function equal to zero, which
is necessary for force equilibrium (eq. 4.10), leads to a relationship between Fy, Fz

and dy (eq. 4.11). Consequently, the potential energy relative to the initial position
(V = 0) can be expressed as:

V = −Fydy + Fzdz = −Fydy + Fz(ρ−
√

ρ2 − d2
y) (4.9)

Static force equilibrium requires ∂V
∂dy

=0:

∂V

∂dy

= −Fy + Fz
dy√

ρ2 − d2
y

= 0 (4.10)

Consequently, this leads to the following expression for Fy:
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Fy = Fz
dy√

ρ2 − d2
y

(4.11)

As no friction is assumed, this result can be checked geometrically, as
−→
Fy +

−→
Fz should

be perpendicular to the glenoid surface, which only is true if Fy = Fztanϕ1. The
proof for this:

√
d2

y

ρ2 − d2
y

=

√
(ρsinϕ1)2

ρ2(1− sin2ϕ1)
=

√
sinϕ2

1

1− sin2ϕ1

=

√
sin2ϕ1

cos2ϕ1

= tanϕ1

⇒ Fy = Fztanϕ1

(4.12)

The subluxation force at joint position 3 is the maximal allowable subluxation force
before a joint dislocation occurs Fymax. From Equation 4.12 it follows that Fymax

depends on Fz and the constraint angle θ0.
The joint translational stiffness is obtained by the derivative of Equation 4.11 with
respect to dy:

Ky =
∂V 2

∂2dy

=
∂Fy

∂dy

= Fz
ρ2

√
ρ2 − d2

y(ρ
2 − d2

y)
(4.13)

Articulation about the glenoid rim (0 < ϕ2 < θ0, region 4 in Figure 4.2)
The results for the subluxation force Fy and translational stiffness Ky for articulation

in region 4, are derived in this section. The relationship between dy and dz for
unstable sliding is derived as follows (see Figure 4.1a):

dy = ρsinθ0 + Rh(sinθ0 − sin(θ0 − ϕ2)) &

dz = ρ(1− cosθ0) + Rh(cos(θ0 − ϕ2)− cosθ0) ⇒

dz = ρ(1− cosθ0) +
√

R2
h − (Rhsinθ0 − (dy − ρsinθ0))2 −Rhcosθ0

(4.14)

Potential energy relative to the initial position (V = 0) can be expressed as:

V = −Fydy + Fzdz = −Fydy + Fz(ρ(1− cosθ0) +
√

R2
h − T 2 −Rhcosθ0) (4.15)
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where T = (Rhsinθ0−(dy−ρsinθ0)). Static force equilibrium again requires ∂V
∂dy

= 0:

∂V

∂dy

= −Fy + Fz
T√

R2
h − T 2

= 0 (4.16)

Consequently, this leads to the following expression for Fy:

Fy = Fz

√
T 2

R2
h − T 2

(4.17)

For static force equilibrium and assuming no friction, Fy must be equal to Fztan(θ0−
ϕ2). The proof for this (using Equation 4.14):

√
T 2

R2
h − T 2

=

√
(Rhsinθ0 − (dy − ρsinθ0))2

R2
h − (Rhsinθ0 − (dy − ρsinθ0))2

=

√
(Rhsinθ0 − (Rh(sinθ0 − sin(θ0 − ϕ2))))2

R2
h − (Rhsinθ0 − (Rh(sinθ0 − sin(θ0 − ϕ2))))2

=

√
sin2(θ0 − ϕ2)

1− sin2(θ0 − ϕ2)
=

√
sin2(θ0 − ϕ2)

cos2(θ0 − ϕ2)
= tan(θ0 − ϕ2) ⇒ Fy = Fztan(θ0 − ϕ2)

(4.18)

The joint translational stiffness is obtained by taking the derivative of Equation 4.17
with respect to dy, resulting in:

Ky = −Fz
(R2

h − T 2)T + T 3

(R2
h − T 2)2

√
T 2

(R2
h−T 2)

(4.19)

where T = (Rhsinθ0 − (dy − ρsinθ0)).

4.4 Results

In Figure 4.3 the equilibrium subluxation force Fy and Ky are plotted as function
of the displacement dy for given glenoid-humeral head component combination. If
Fy = 0, the result is an equilibrium position with a centered head (joint position 1 in
Figure 4.2 and Figure 4.3), while Ky 6= 0 at this joint position. Increasing the sub-
luxation force leads to displacements dy and dz in the case of non-conform articular
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Figure 4.3: Joint subluxation (Fy) and translational stiffness (Ky) graphs for given glenoid
and humerus component combination (Rg=35 mm, cg=40 mm, θ0=34.85◦, Rh=30 mm)
and compression force (Fz=1000 N). Articulating positions 1, 3 and 5 and regions 2 and
4 are chosen as in Figure 4.2

surfaces (region 2). The increase of dy gets smaller for 0 < ϕ1 < θ0 with increasing
Fy, because the tangential of the glenoid surface at the contact point directs more
perpendicular to the line of action of Fy. This can be seen as a positive, increasing
joint stiffness, which is also reflected in the stiffness graph.
At joint position 3, both the subluxation force and joint translational stiffness graphs
of Figure 4.3 show a discontinuity. Ky changes from positive to negative, this is due
to the fact that in region 4 (0 < ϕ2 < θ0), for increasing dy, a decreasing Fy is
required to obtain force equilibrium, in contrast to articulation in region 2. As the
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humeral component is sliding or rotating about the glenoid rim, the negative sign
of Ky can be explained due to the increasing and decreasing moment arm of Fy

and Fz, respectively. At joint position 5, a zero subluxation force is required for
force equilibrium, as the moment arm of Fz about the glenoid inferior rim (Gri)
is zero, while the moment arm of Fy is maximal. At this joint position, Ky has a
negative value, whereas Ky is zero for further increasing dy. This is due to the fact
that an infinitesimal subluxation force Fy leads to large displacements dy, according
to Figure 4.2 in this rigid-body, frictionless analysis. However, articulation inferior
to joint position 5 is outside the scope of this study. As the glenoid and humeral
components are symmetrical in the YOZ-plane with respect to the z-axis, the same
results can be obtained for subluxation in the superior direction.
Figure 4.4 shows shoulder joint subluxation force and joint translational stiffness
graphs for glenoid-humeral head combinations with different glenoid radii of curva-
ture Rg. The humeral head has a fixed radius of curvature Rh of 30 mm, while the
glenoid has a fixed cord length cg of 40 mm and radii of curvature Rg of 30, 35 and
40 mm, resulting in different constraint angles θ0. Due to different conformities κ
and constraint angles θ0, the joint translational stiffness Ky, the maximal allowable
subluxation force Fymax and displacement dy to joint position 3 are influenced. In
the conform glenoid and humeral head (κ = 1), Ky is positive infinite in region 2, as
there is no displacement dy. In this conform situation (κ = 1) the glenoid radius of
curvature is smallest (Rg = 30 mm). This leads to the highest θ0 and thus highest
Fymax, which decreases with increasing glenoid radius Rg. The displacement dy to
joint position 3 is ρsinθ0 and is increasing with increasing non-conformity (κ < 1),
thereby decreasing Ky. In region 4, the relationship between Fy and dy is geomet-
rically influenced only by rotation or sliding of the humeral head about the glenoid
rim Gri. As in this case the humeral radius Rh is kept constant, this relationship
is identical for the different glenoid-humeral combinations, leading to a constant
negative stiffness Ky. The displacement dy to joint position 5 is constant for all
component combinations, as cg is fixed.
A similar analysis is done with a variable humeral head radius of curvature Rh.
In Figure 4.5, the glenoid component has a fixed radius of curvature Rg of 35 mm,
constraint θ0 of 40◦ and cg of 40 mm, leading to a constant Fymax, while the humeral
head has radii of curvature Rh of 35, 30 and 25 mm. A decreasing Rh results in
increasing radial clearance ρ and as a result to an increased displacement dy to joint
position 3 and thus to a decreasing Ky in this region. The fixed cg, and thus a
constant displacement dy to joint position 5 for all Rh, in combination with the
constant Fymax, leads to the fact that a lower positive stiffness in region 2 results in
a higher negative stiffness in region 4. For example, the infinitely stiffness in region
2 for the conform combination, leads to the lowest stiffness in region 4.
In Figure 4.6, the glenoid superior-inferior chord length cg is taken as 35, 40 and
45 mm, while radial clearance ρ is fixed at 5 mm (Rg=35 and Rh=30). This shows
that there is no influence for both functions Fy (dy) and Ky (dy) in region 2, except
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that region 2 is extended with increasing cg. The increased constraint angle θ0 leads
to an increased Fymax. Increasing cg results in increased total displacements dy up
to joint position 5.

(a) (b)

Figure 4.4: Joint subluxation (Fy) and translational stiffness (Ky) graphs with different
glenoid radii of curvature Rg=30, 35, 40 mm in combination with Rh=30 mm and cg=40
mm (leading to ρ=0, 5 and 10 mm and θ0=41.81◦, 34.85◦, and 30◦, respectively)

(a) (b)

Figure 4.5: Joint subluxation (Fy) and translational stiffness (Ky) graphs with different
humeral radii of curvature Rh=35, 30, 25 mm in combination with Rg=35 and cg=40 mm

(leading to θ0=34.85◦ and ρ=0, 5, 10, respectively)



Translational stiffness of the replaced shoulder joint 81

(a) (b)

Figure 4.6: Joint subluxation (Fy) and translational stiffness (Fy) graphs with different
glenoid superior-inferior chord lengths cg of 35, 40, 45 mm in combination with Rg=35
mm and Rh=30 mm (leading to ρ=5 mm and θ0=30◦, 34.85◦, 40◦)

4.5 Discussion

This study reconsidered some biomechanical definitions and introduced the shoulder
translational stiffness Ky, which is the relation between humeral head translation dy

and subluxation force Fy. Joint stability is defined as the reaction to disturbances,
which is stable for articulation inside the glenoid cavity and unstable during sublux-
ation. The maximal allowable subluxation force Fymax depends on the glenoid con-
straint angle θ0 and compression force Fz. These are important design parameters, as
a joint dislocation is a common complication after shoulder replacements [177, 352].
Material deformation has not been taken into account in this rigid-body analysis, al-
though this will influence Ky as well as joint subluxation and dislocation behaviour.
The relatively hard humeral head component will deform the glenoid component and
underlying structures, which may result in a decreased joint translational stiffness
and maximal allowable subluxation force before a joint dislocation occurs Fymax.
Also, the rigid-body character of this analysis explains the discontinuities in the
subluxation force and translational stiffness graphs. However, as relatively stiff
materials are used in the artificial shoulder, the effect of material deformation is
assumed to be very small, although experimental methods must prove this.
This is a two-dimensional analysis of the joint translational stiffness, in the y-
direction (superior-inferior), with coupled translations in the z-direction (medial-
lateral). However, insight in the three-dimensional behaviour is actually shown in
Figure 4.6. As both Rg and Rh are constant at the articular surface, only the cg

effects the 3D behaviour of the joint translational stiffness, as the cg can be differ-
ent in different subluxation directions. An example is an elliptical shaped glenoid
component, with larger superior-inferior chord length than anterior-posterior. Ac-
cording to Figure 4.6, this results in smaller maximal allowable subluxation forces
and joint translational stiffness in x-direction (anterior-posterior) than in y-direction
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(superior-inferior). Humeral head and glenoid radius of curvature, as well as glenoid
superior-inferior chord length are chosen according to [12]. Although the glenoid
superior-inferior chord length cg has patient specific dimensions [121] and should be
fixed during prosthesis design investigation, this design parameter is examined to
investigate its influence on Ky.
The joint compression force Fz is chosen as 1000 N , which can be seen as an upper
limit according to the literature [245, 122]. This force is taken constant during joint
translations, as the influence of soft-tissue strain on compression force is assumed to
be small, although with the same method a non-constant compression force can be
included. Taking into account the influence of the joint position on the compression
force, leads to adaptation of Equations 4.9 and 4.15, in that Fz becomes a function
of dy. In this study, insight is obtained in the influence of geometrical design param-
eters of the glenoid and humeral components as well as Fz on Ky and Fymax. The
constraint angle θ0 influences Fymax and joint translations dy up to joint position 3.
The glenoid superior-inferior chord length cg relates the glenoid radius of curvature
Rg and constraint angle θ0 as follows:

cg = 2Rgsinθ0 (4.20)

There is a large spread of cg in anatomical shoulder joints [121], which should
be taken into account during prosthesis selection, as it may influence the fixation
strength of the glenoid component. For example, when selecting a glenoid compo-
nent with larger cg than the anatomical cg, while fixing the constraint angle θ0 by
an increased Rg will lead to the same Fymax with a shifted joint contact point. The
increased moment arms about the joint contact point for joint position 1 of both Fz

and Fymax increase and as a result glenoid component tilting about the joint contact
point for a centered HH due to off-center loading during articulation in region 2
will increase. This maximal tilting moment can be expressed as (in cw direction
according to Figure 4.1):

Mc = RgFzsinθ0 + RgFymax(1− cosθ0) = RgFztanθ0 = RgFymax (4.21)

This increased maximal tilting moment due to the increased cg leads to increased
interface stresses, thereby reducing the chance on a successful long-term fixation.
In this rigid-body analysis the radial clearance ρ = (Rg − Rh) only influences joint
translations and joint translational stiffness during stable sliding. The advantage
of these humeral head translations is that it can be used as a warning system to
prevent a joint dislocation. When including material elasticity, radial clearance
also influences contact stresses and material wear, which, from a design point of
view, is the result of joint translations, compression force and material strength.
During unstable subluxation, the humeral head radius of curvature Rh influences
joint translations and the joint translational stiffness. One way to guarantee stable
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articulation (articulation in region 2) is to assure that the compression force is
sufficiently large, which can be done by means of involving the anatomical structures
during surgery as well as integration of the joint contraction function of the soft-
tissues in conceptually new prosthesis designs.

4.6 Conclusions

In this analytical study, joint translational stiffness Ky and maximal allowable sub-
luxation force before a joint dislocation occurs Fymax have been related to component
design parameters and compression force Fz. Ky depends on the radius of curva-
ture of both components, joint position and compression force Fz. The role of the
stabilizing structures of the shoulder joint becomes clear by the influence of Fz. Ad-
ditionally, it is found that humeral head translations can be divided in a stable and
unstable region, depending on the sign of Ky.
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Chapter 5

Force-controlled testing of
shoulder prostheses

Gennadiy Krasilnikov using his complete force capacity in the men’s
over 105 kg category weightlifting competition, Olympic Games, Athens, 2004



86 Design Considerations for the Glenohumeral Endoprosthesis



Force-controlled testing of shoulder prostheses 87

5.1 Introduction

In Chapter 2 it is mentioned that the results of shoulder replacements must be im-
proved in terms of long-term component fixation and post-operative shoulder joint
functionality to increase patient satisfaction [105]. New prosthesis designs as well as
improved surgical and fixation techniques must be developed and their performance
must be validated using physiological loading and environmental conditions. Shoul-
der joint functionality causes repetitive eccentric loading of the glenoid component,
leading to significant deformation of the implanted glenoid component structures.
The flexural mismatch between component material, the bone cement and the sur-
rounding bone tissue leads to high interface stresses. This may result in glenoid
component loosening, as the materials react differently to the applied loading [255].
When evaluating glenoid component fixation, this failure mechanism must be con-
sidered for obtaining clinical relevant results.
Many experimental studies have investigated the effect of glenoid component de-
sign on its fixation by static loading [58, 87, 136] or cyclic loading [12, 14] of the
glenoid component. In these experiments, glenoid components are fixated in bone
substitutes and compressed against the humeral head. Cyclic loading of the glenoid
components is the result of humeral head movements, which simulates shoulder
joint subluxation. The repeatedly moving humeral head is fatiguing the implant-
bone structure. In most of these studies, humeral head displacements are applied,
e.g. the studies of Anglin et al. (2000) [12, 13], resulting in unknown and even
unrealistic forces, depending on component geometry.
This can be explained using a rigid-body model (see Chapter 4), by investigating
humeral head displacements in a conform and non-conform articulation. When ap-
plying a known increasing subluxation force and constant joint compression force,
the humeral head will show zero and small displacements for the conform and non-
conform articulation, respectively. Applying humeral head displacements in conform
articulations must lead to structural deformation with accompanying high subluxa-
tion forces. Interface damage will occur immediately, always leading to the conclu-
sion that non-conform articulations show better fixation performance. As a result,
the conclusions of these studies might be doubtful with respect to the influence of
certain design parameters, such as joint conformity, which is the subject of Chap-
ter 6. The background of these displacement-controlled experiments, may be that a
non-constant center of rotation (CoR) of the glenohumeral joint is assumed. How-
ever, as has been discussed in Section 2.3, the glenohumeral joint is commonly seen
as a ”ball-in-socket” joint, with a constant CoR.
In this study a new method of glenoid component testing is presented, with phys-
iological glenoid component loading as a result of force-controlled humeral head
movements. The force-controlled experimental set-up will be used for more realistic
evaluation of component fixation of new glenoid component designs. The experi-
mental set-up can be modified to be used to investigate prosthesis designs for similar
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articular joints. The aim of the study is to demonstrate the new test set-up and to
investigate the effect of bone substitute stiffness on glenoid component tilting.

5.2 Methods and Materials

5.2.1 Specimen structure

The glenoid components to be tested are machined out of medical grade Ultra-
High-Molecular-Weight-Polyethylene (UHMWPE) (Chirulen 1020r, Poly-Hi Solidur
GmbH, Vreden, Germany), with the geometry of a commercially available keeled
design. Using self-manufactured glenoid components leads to better geometrical pa-
rameter control and more research flexibility compared to commercially available
glenoid components. The components have a superior-inferior dimension cg of 38.5
mm, corresponding to the measurements of Ianotti et al. [121] (see Table 2.1), a
radial thickness of 7 mm and radius of curvature Rg of 29 mm, leading to a con-
straint angle θ0 of 41.59◦ (see Figure 5.1). A self-manufactured CoCr humeral head
with a radius of curvature Rh of 24 mm is used for articulating against the glenoid
components, leading to a radial clearance ρ of 5 mm, a value which is often used in
clinical practice. Although commercially available humeral heads have a decreasing
radius of curvature towards the rim, to prevent soft-tissue damage, this will not
influence the results of the proposed method of experimental investigation.
The glenoid components are fixed by Polymethyl-Methacrylate (PMMA) bone ce-
ment (Palamed G 20, Biomet Merck, Zwijndrecht, The Netherlands) into bone sub-
stitutes made of Polyurethane (Sawbones Europe AB, Malmö, Sweden). A homoge-
nous cement thickness between implant and surrounding bone of 2 mm is used, to
diminish the effect of thickness variations and to better investigate the effect of the
geometrical parameters. To assure this homogenous cement thickness of 2 mm, a
custom-made component alignment tool has been used, to insert the glenoid com-
ponents into the bone substitutes (see Figure 5.2).
To demonstrate the functionality of the experimental set-up, a preliminary study
to the effect of bone properties on glenoid tilting has been performed. Two types
of bone substitutes have been used, namely a bone substitute with a solid, rigid
morphology, having a stiffness and compressive strength of 260 MPa and 8.8 MPa,
respectively, and one with an open cellular morphology, having stiffness and com-
pressive strength of 47.5 MPa and 3.9 MPa, respectively. The stiffness of these
two mechanically different bone substitutes are an upper and lower limit as found
in literature (see Table B in Appendix B) and can also be seen as an indication for
healthy and weakened trabecular bone. The glenoid-bone structures are fixed in a
metal holder, which is connected to a guideway onto a horizontal sliding frame.
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Complete clamping of glenoid bone specimens might not be realistic compared to
the natural condition. The scapula is a triangular shaped bone, consisting of thin
central parts (the scapular fossa) surrounded at the scapular edges by thicker mar-
gins [249], especially at the lateral edge. The most lateral and superior part of the
glenoid bone structure is outside this triangular framework and has more freedom to
deform (see Figure 5.1a). Therefore, only the medial half of the superior side of the
bone substitute is clamped in the holder, to allow for a more natural deformation
(see Figure 5.1b and c). All nuts of the clamp mechanism are tightened using a
pre-set torque, to achieve good repeatability.

(a) (b) (c)

Figure 5.1: (a) Lateral scapula, demonstrating the lateral, superior edge of the glenoid
cavity, which is free to deform in superior direction. (b,c) Glenoid component structure
with dimensions (mm), (b) unloaded and (c) loaded. Where: di and ds are the superior
and inferior glenoid rim-displacements in medial-lateral direction, respectively, cg is the SI
glenoid chord length, Fy is the subluxation force acting at the center of the humeral head
in the y-direction, Fz is the joint compression force acting at the center of the humeral
head in the z-direction (see the List of Symbols). Displacements in medial direction are
positive. 1. Glenoid component 2. Cement layer 3. Bone substitute 4. Clamp mechanism,
to constrain the medial half of the superior surface of the glenoid specimen

5.2.2 Force-controlled fatigue testing

A force-controlled test set-up has been developed, which allows for humeral head
translations as a result of known applied forces (see Figure 5.3). The humeral head
(2 in Figure 5.3) is fixed to the shaft of a hydraulic actuator (12) of a materials
tester (MTS, Eden Prairie, MN, USA) by vertical and horizontal force transducers
(PW24C3, HBM, Darmstadt, Germany) (4 and 5, respectively), which measure the
joint compression and subluxation force, respectively. Small displacements of the
humeral head are applied by the hydraulic actuator and continually corrected if the
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(a) (b) (c)

Figure 5.2: Method of cementing glenoid components in the bone substitute using the
alignment tool. (a) A rigid holder is used for the bone substitute and a negative mould
is made of silicon rubber for the glenoid component. (b) Inserting bone cement using a
special syringe. (c) The glenoid component is placed in position using the sliding frame
with four pins, leading to a homogenous cement thickness of 2 mm

measured peak subluxation force differs from the adjusted value, which is the so-
called ’cascade’ control mode.
By using a pneumatic cylinder, the glenoid components are compressed against the
humeral head component, by a constant joint compression force of 725±10 N . The
10 N variation is due to the force-controlled humeral head displacements, which
pushes the glenoid component structure into the pneumatic cylinder as a result
of glenoid component concavity. Humeral head movement in superior direction is
due to an applied hydraulic subluxation force Fy, cyclically varying between 0 and
350±1 N according to a sine function. These loading conditions correspond to arm
abduction up to 90◦, as analysed in a musculoskeletal model [108]. As a result,
the humeral head moves from the zero position (center of the glenoid) to a supe-
rior position depending on glenoid component geometry. Load cycles start with a
centered head (Fs=0 N), and subsequently moves in superior direction due to the
subluxation force with a maximum of 350 N , after which it returns to the centered
position due to a decreasing subluxation force up to 0 N and a new cycle starts.
A load cycle frequency of 2 Hz is chosen. Although shoulder movements are not
performed with that high frequency, the separate movement may be rather fast. As
a result, a compromis is used between reality and test efficiency.
Only the superior part of the glenoid component has been loaded, as this is the
common direction of humeral head subluxation and to better investigate the effect
of tensile and compression stresses on glenoid component fixation. In this study, for
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each bone substitute three specimens have been loaded for 200.000 cycles, (corre-
sponding to 44 load cycles per day for 12.5 years). Two glenoid components have
undergone 1.000.000 cycles with given loading, to investigate if rim-displacements
approximate a constant value after 200.000 load cycles.

(a) (b)

Figure 5.3: The force-controlled test set-up. (a) Schematic overview of the test set-
up. (b) The test set-up integrated in the MTS materials testing system. 1. Glenoid
component 2. Humeral head 3. Glenoid bone substitute and metal holder 4. Vertical
aligned load cell for measuring the joint compression force 5. Horizontal aligned load
cell for measuring the joint subluxation force (PW24C3, HBM Darmstadt, Germany) 6.
Signal amplifier (Peekel Instruments B.V., Rotterdam, The Netherlands) 7. Constraint
only allowing vertical displacements 8. Constraint only allowing horizontal displacements
9. Superior and inferior rim-displacement sensors 10. Rodless pneumatic actuator (Festo
B.V., Delft, The Netherlands) 11. Pressurized air input 12. Hydraulic actuator (MTS
Systems Corporation, Eden Prairie, MN, U.S.A.). See Figure C.3a in Appendix C for a
color representation

5.2.3 Method of measurement and evaluation

Measuring structural deformation and humeral head displacement

Although debonding is the most clear definition for glenoid component loosening, in
the literature no debonding was found during and after experimental fatigue test-
ing and therefore other evaluation parameters have been looked for. Anglin et al.
(2000) used glenoid rim-displacement as a measure for glenoid structure fixation
performance, where larger glenoid rim-displacements indicate earlier complications
at the interface of glenoid component fixation [12, 13]. In this study the same pa-
rameters, namely superior and inferior glenoid rim-displacements, were correlated
to glenoid component fixation performance (see Figure 5.1). Glenoid component
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loosening is thought to be due to glenoid component tilting, often referred to as
glenoid component rocking, a result of eccentric loading [12, 58]. Eccentric load-
ing, for example in the superior direction, will compress the superior side of the
UHMWPE glenoid component (E=2.400 MPa) into the more flexible glenoid bone
stock (E=47.5 MPa), leading to compressive stresses, whereas the inferior structure
might undergo tensile stresses, due to structural deformation of the mechanically
different materials. Structural deformation was determined during testing by mea-
suring the superior and inferior rim-displacements in the medial-lateral direction,
ds and di, respectively, (see Figure 5.1), using custom-made displacement sensors
(see Figure 5.4). The sensors are constructed out of a thin metal strip, clamped at
one end and fixed to a small cylinder at the other end, which rests against a pin
located at the glenoid component rims. Two strain gauges on both sides of the thin
metal strip deform due to bending of the metal strip and are wired according to
a Wheat-stone bridge. This is a chain of resistors, which measures the differential
resistance by an applied constant voltage and the analog output is proportional to
the deflection of the tip of the thin strip. The Wheat-stone bridge compensates for
temperature difference and is used for zero-balancing.
After the 200.000 load cycles, 1,500 additional load cycles are applied and the max-
imal superior and minimal inferior rim-displacements, max. ds and min. di, re-
spectively, have been measured at load cycles 500, 1.000 and 1.500, whereafter the
values are averaged. The measurements during these 1,500 additional load cycles
have been repeated five times for each specimen, with the same loading conditions,
so that each specimen finally undergoes a total of 7.500 additional load cycles. The
maximal superior and minimal inferior rim-displacements are averaged for each spe-
cific bone substitute, which gives the final maximal superior and minimal inferior
rim-displacements for each specific bone substitute. For each bone-substitute 3 spec-
imens have been tested. Glenoid component tilting λ, a measure for upward and
downward glenoid component rotation due to glenoid rim-displacements, is calcu-
lated as λ = sin−1((ds − di)/cg)

◦), where cg is 38.5 mm.

Shear out testing for residual fixation strength evaluation

Although rim-displacements might be a good indication for the fixation performance
of the glenoid structure, the real interface strength is a more realistic indicator.
Therefore, after the fatigue tests have been completed and the rim-displacement
measurements as well as visual inspection have been performed, the residual fixation
strength is determined. In literature, many methods have been described, such as
pull-out, push-in and shear-out [12] measurements. By ’push-in’ testing, using an
increasing compression force at the glenoid component, material failure will occur
rather than the interface strength is being evaluated. Pull-out testing, using a
laterally directed tensile force at the glenoid component, which will indeed lead to
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(a) (b)

Figure 5.4: Close up of the rim-displacement sensors. (a) Humeral head (left) against
the glenoid component, superiorly clamped at the medial half of the bone substitute. (b)
Close up of the sensors for investigating glenoid component tilting, by measuring the
medial-lateral displacements of the two pins in the superior and inferior glenoid rim. See
Figure C.4 in Appendix C for color representations

interface failure, is a test with an un-physiological loading direction, thereby this
method may give a not realistic interface strength.
In the present study, the interface strength has been determined by means of shear
out testing according to ASTM F1829-98 [16]. A superior directed load is applied
by a displacement-controlled metal plate at a speed 0.1 mm/s (see Figure 5.5).
This speed was chosen to prevent the influence of time-dependent effects such as
creep. As with the hydraulic actuator of the MTS materials tester it was easier to
press downwards, the glenoid specimen is turned upside down in its holder, thereby
mimicking a superior directed subluxation force Fy. A lateral shear force off-set d
of 4.5 mm was chosen. The shear out force Fshear was monitored and the maximal
value was taken as the shear out strength.

Statistical evaluation

In this study, the effect of properties of the bone substitute on glenoid component
tilting and residual fixation strength by shear out tests is evaluated by analyzing
the obtained differences in superior and inferior glenoid rim-displacements and shear
out strength, respectively, using the unpaired t-test with a confidential level of 95%.
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Figure 5.5: Method for evaluating the residual fixation strength by means of a shear
out force after fatiguing the glenoid component. Where d is the lateral off-set of the shear
force. As with the hydraulic actuator of the MTS materials tester it was easier to press
downwards, the glenoid specimen is turned upside down, therefore the superior edge of the
glenoid specimen is at the bottom

5.3 Results

Within a few amount of load cycles the subluxation force reached the desired value
and differences between the adjusted and measured values during testing were min-
imal. The custom-made rim-displacement sensors were calibrated and show a res-
olution of 0.5 µm and are accurate up to displacements of 5 mm. A graphical
representation of the joint subluxation force and superior rim-displacement versus
cycle time is given in Figure 5.6. For the glenoid components cemented into the
two different bone substitutes (n=3) the rim-displacements were measured and the
results are presented in Table 5.1. There was a significant difference of both rim-
displacements and the shear out strength of the glenoid specimens cemented in the
two different bone substitutes, using the unpaired t-test (p<0.05).
Complete loosening of the glenoid components, defined as glenoid component move-
ment inside the bone when applying a very small loading, was not found. Not
even for the two glenoid components which have been loaded for 1.000.000 cycles.
However, for many glenoid components unbonding between glenoid component and
bone cement was observed immediately after starting the experiments. This indi-
cates that the UHMWPE glenoid components are fixed by mechanical interlocking
rather than by adhesion.
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After rim-displacement measurements, the residual fixation strength was determined
by a shear out force, of which the results can be found in Table 5.1. From these re-
sults it is clear that higher structural deformations (as found with the open cellular
bone) is related to a lower shear out strength.
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Figure 5.6: Graphical representation of the subluxation force and superior glenoid rim-
displacement versus cycle time, during testing at four randomly chosen load cycles

Table 5.1: Results of the maximal superior and minimal inferior glenoid rim-
displacement, max. ds and min. di, respectively, in mm (mean (SD)) and shear out
strength Fshear in N (mean (SD)) for the glenoid components with a radius of curva-
ture of 29 mm and cemented into two different types of bone substitutes. Three glenoid
specimens were tested for each bone substitute

Type of bone Stiffness Max. ds Min. di Tilting λ Max. Fshear

substitute (N/mm2) (mm) (mm) (◦) (N)
Solid bone 260 0.181 (0.02) -0.00306 (0.007) 0.274 3185.3 (103)

Cellular bone 47.5 0.350 (0.02) -0.0238 (0.01) 0.556 2631.1 (312)

5.4 Discussion

Anglin et al. (2000 and 2001) suggested combined force and displacement-controlled
experimental testing in combination with rim-displacement measurements for design
evaluation of glenoid components [12, 14]. By experimental testing, the maximal
subluxation force with accompanying humeral head displacement was found and
subsequently the glenoid components were loaded by 90% of the superior and infe-
rior maximal humeral head displacement. This method assumes that glenohumeral
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subluxation forces and humeral head displacements are the result of component
geometry only, which might not be the most realistic assumption, especially for
shallow components. As a result, largest rim-displacements were found for glenoid
components with highest constraint angle θ0. However, this study shows similar
rim-displacements as found in the study of Anglin et al. (2001) [14]. Bicknell et al.
(2003) measured rim-displacements between the glenoid component and underlying
bone, during joint loading of 250 N at different load angles [30]. They didn’t apply
a large amount of cycles before rim-displacement measurements, which might lead
to unreliable results, as there is a run-in phase. In this phase, the absolute values of
both rim-displacements increase and, providing that deformations are in the elastic
region, their maximal and minimal reach a constant value. As a result of the differ-
ent rim-displacement measurements and lower applied joint forces, the results are
difficult to compare. However, they also found negative rim-displacements at the op-
posite side of glenoid component loading, similar to the results of the present study.
Negative rim-displacements at the opposite side to glenoid component loading can
occur in the case that the effect of glenoid component tilting exceeds that of joint
compression, which causes both positive superior and inferior rim-displacements.
To my opinion, force-controlled humeral movement is the best option for experi-
mental testing of glenoid components. However, it might be necessary to adjust the
applied load spectrum for specific patient groups, as joint loading might be different
due to the specific patient depended joint pathology. An example is RC arthropathy,
which leads to decreased joint compression during joint movements.
In this study a homogenous cement thickness of 2 mm has been used, but such a
constant cement thickness is impracticable in surgical practice. However, by using a
constant cement thickness, the effect of, for example, joint conformity can be more
accurately investigated, with higher significance, while the results still hold for the
anatomic TSR.
Although differences in rim-displacement for different component designs might be
a good indication to what extent the fixation of the glenoid component is damaged,
this must be proven by residual fixation strength tests after fatigue testing. Such
tests should always be made to better validate the effect of design parameters on
component fixation.
As only the bone substitute has been changed, the different rim-displacements must
be due the different material properties of the bone substitutes. This indicates that
results for patients suffering from different diseases will have different loosening rates,
as bone properties normally differ depending on the disease. As rim-displacements
stabilize during the 200.000 cycles, it may well be that the deformations in the pros-
thetic structure are in the elastic region, as loading a structure in the plastic region
will normally lead to increasing deformation.
It was found that many components did not adhere to the PMMA bone cement
and are rather fixed by mechanical interlocking by holes and grooves at the medial
surface of the glenoid component. As a result there will be micromotions between
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the loaded UHMWPE component and the PMMA bone cement layer, resulting in
abrasion of both UHMWPE and PMMA material. The relatively hard PMMA par-
ticles may find their way out of the UHMWPE-PMMA interface into the articular
joint, where they cause third body wear [198, 358]. This wear mechanism increases
the primary wear process between the articulating surfaces and therefore it may be
a cause for component loosening.
Keels, with holes and grooves, or pegs are needed for good mechanical interlocking,
which require much bone removal. It is unknown whether adhesion between the lay-
ers at this interface is beneficial for the presently used designs. However, adhesion of
UHMWPE glenoid components may be used to develop a more superficial fixation
in combination with design modifications. This method of component fixation will
be investigated in Chapter 8.
The fact that no adhesion is present between the UHMWPE glenoid component and
the PMMA bone cement also has consequences for the method of interface connec-
tions in Finite Element (FE) modelling. Commonly, this interface is supposed to
be rigidly fixed and a full bonding is used, to connect the interface node-by-node.
A more realistic method of interface modelling is to use contact elements and a
coefficient of friction (CoF). The effect of the interface condition on the results of
FE modelling is the subject of Chapter 9.

5.5 Conclusions

In this study, an experimental test set-up has been developed for evaluating the
fixation strength of glenoid components to be used in a Total Shoulder Replacement.
In the experimental set-up, humeral head motion is the result of applied forces.
Using force-controlled humeral head motion will give better insight into the effect of
geometrical design parameters of the glenoid component, compared to displacement-
controlled humeral head motion. Custom-made displacement sensors are used to
measure the structural deformation, indicating the future fixation performance of
the glenoid component. Repeatable results are obtained and a significant difference
in glenoid component tilting and shear out strength is found when using a more
rigid or flexible bone substitute in this preliminary study.
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Chapter 6

Effect of joint conformity on
glenoid component fixation

A lot of mimicking of the team of Spain during their session of
the synchronized swimming competition, Olympic Games, Athens, 2004
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6.1 Introduction

The results of shoulder replacements in terms of post-operative functionality and
long-term fixation must be improved to increase patient satisfaction [105, 353]. This
study focuses on one geometrical design parameter, namely the joint conformity κ.
Joint conformity κ is the ratio of the radius of curvature of the humeral head and the
glenoid component and is calculated as κ = Rh

Rg
(see Figure 6.1). Glenohumeral con-

formity in Total Shoulder Replacement (TSR) influences humeral head translations
relative to the glenoid component, contact stresses on the glenoid component and
accompanying component wear, which may finally lead to glenoid component radi-
olucency [135, 309, 336]. Humeral head translations in the superior (dy) and lateral
(dz) direction increase with radial clearance ρ (= Rg −Rh), and it can increase the
glenoid component tilting moment Mc [129]. In a rigid-body model it can be demon-
strated that this tilting moment Mc about the glenoid center at the articular surface
c, a result of the eccentric joint contact forces acting on the glenoid component, is
influenced by the radius of curvature of the glenoid component only, for given Fy and
Fz (see Figure 6.1). The tilting moment Mc on the glenoid component deforms the
Ultra-High-Molecular-Weight-Polyethylene (UHMWPE) glenoid component as well
as the underlying cement layer and bone structure, which might lead to undesirable
stresses at the interface and finally to component loosening. Clinically it is found
that eccentric loading correlates with glenoid component loosening [291].
Two Finite Element (FE) studies have investigated the effect of joint conformity
on stresses at the fixation. Lacroix and Prendergast (1997) analysed the cement
stresses at the backside of low and high conform glenoid components and concluded
that, with respect to cement stresses, more conform glenoid components should be
used [161]. Couteau et al. (2001) also recommend a more conform glenoid compo-
nent, as the decreased contact surface due to joint non-conformity leads to increased
stresses at the glenoid component-cement interface [61]. High contact stresses, due
to articular non-conformity, may exceed the yield strength of UHMWPE, resulting
in higher risk of wear and subsurface cracks, leading to UHMWPE fatigue [309].
Only few clinical studies have investigated the influence of joint conformity on gle-
noid component fixation after TSR. Walch et al. (2002) evaluated 319 total shoulder
arthroplasties with a range of radial clearances between 1.5 and 10 mm [336]. Al-
though they found that more conform replacements show higher radiolucency scores,
which is of great concern, this does not mean that more complications have to oc-
cur [34, 336]. In a retrieval study it was found that worn glenoid components better
matched the humeral radius of curvature Rh than the original one, indicating the
importance of articular conformity [110]. With respect to clinical results, it is un-
clear whether or not glenoid components must have high joint conformity with the
humeral head [81].
Many experimental studies have investigated the effect of glenoid component de-
sign on its fixation by cyclic loading of the glenoid component. In general, glenoid
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components are fixed in bone substitutes, compressed against the humeral head
and humeral head movements repeatedly loaded the glenoid component structure,
thereby fatiguing its interfaces. In these studies, humeral head displacements are
applied, e.g. the studies of Anglin et al. (2000) [12, 13], resulting in unknown and
even unrealistic forces. This can be explained using a rigid-body model (see Chap-
ter 4), by investigating humeral head displacements in a conform and non-conform
articulation, when applying a known increasing subluxation force and constant joint
compression force. The humeral head will show zero and small displacements for
the conform and non-conform articulation, respectively. Applying humeral head
displacements in conform articulations must lead to structural deformation with
accompanying high subluxation forces. Interface damage will occur immediately, al-
ways leading to the conclusion that non-conform articulations show better fixation
performance. As a result, the conclusions of these studies might be doubtful with
respect to the influence of glenohumeral conformity on glenoid component fixation.
The aim of this study is to investigate the influence of glenohumeral conformity
in TSR on glenoid component fixation, using the force-controlled experimental test
set-up as described in Chapter 5.

Figure 6.1: Schematic overview of the artificial shoulder joint (see also the List of
Symbols). (a) A glenoid component with much larger radius of curvature than the humeral
head (non-conform articulation). (b) An almost conform glenoid component
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6.2 Materials and Methods

6.2.1 Specimen structure

Glenoid components were machined out of medical grade UHMWPE (Chirulen
1020r, Poly-Hi Solidur GmbH, Vreden, Germany), with the geometry of a commer-
cially available keeled design. The components have a superior-inferior dimension cg

of 38.5 mm, corresponding to the measurements of Ianotti et al. [121] (see Table 2.1
in Chapter 2), a radial thickness of 7 mm and radii of curvature Rg of 29, 25 and 24
mm, leading to constraint angles θ0 of 41.59◦, 50,35◦ and 53.33◦, respectively (see the
List of Symbols and Figure 6.2). A CoCr humeral head with a radius of curvature
Rh of 24 mm was used for articulating against the glenoid components. This leads
to a radial clearance ρ of 5 mm (non conform), 1 mm (more conform) and 0 mm
(exact conform) and conformity ratios κ of 0.83 (non conform), 0.96 (more conform)
and 1 (exact conform). For each glenoid component radius of curvature, 5 glenoid
specimens are investigated. The glenoid components were cemented into machined
bone substitutes made of the cellular bone substitute as described in Chapter 5,
with stiffness and compressive strength of 47.5 MPa and 3.9 MPa, respectively.
The glenoid specimens fit into a metal holder and only the medial half of the supe-
rior side of the bone substitute is clamped, to allow for a more natural deformation
(see Figure 6.2 and Section 5.2.1).

(a) (b)

Figure 6.2: Glenoid component structure with dimensions (mm), (a) unloaded and (b)
loaded. Where: ds and di are the superior and inferior glenoid rim-displacements in medial
direction, respectively, Fy is the subluxation force acting at the center of the humeral head
in the y-direction, Fz is the joint compression force acting at the center of the humeral
head in the z-direction (see the List of Symbols). 1. Glenoid component 2. Cement layer
3. Bone substitute and metal holder 4. Clamping mechanism
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6.2.2 Force-controlled fatigue testing

The force-controlled shoulder simulator and test characteristics used for this study
have been described in Chapter 5. For this study, similar loading conditions are
used, namely a subluxation force Fy, cyclically varying between 0 and 350±1 N and
a constant joint compression force of 725±10 N . For each radius of curvature, five
specimens have been loaded for 200.000 cycles.
Additionally, two glenoid components with radii of curvature Rg of 25 and 29 mm
have undergone 1.000.000 cycles with given loading. All components were visually
inspected on loosening, defined as glenoid component movement inside the bone
when applying only a very small force (e.g. <5 N).

6.2.3 Method of measurement and evaluation

Measuring structural deformation and humeral head displacement

The rim-displacements have been measured, at intervals as described in Section 5.2.3.
Humeral head displacements dy are measured using the hydraulic actuator of the
MTS materials tester. Additionally, humeral head displacements dy at maximal
subluxation force (Fy=350 N) are compared to a frictionless rigid-body model (see
Chapter 4).

Shear out strength evaluation

All glenoid specimens were evaluated on their residual fixation strength by shear
out experiments (see Section 5.2.3). According to ASTM standard ASTM F1829-
98 [16], a displacement-controlled metal plate applied a superiorly-directed load at
0.1 mm/s. This speed was chosen to prevent the influence of time-dependent effects
such as creep. A lateral shear force off-set d of 4.5 mm was chosen. The shear
out force Fshear was monitored and the maximal value was taken as the shear out
strength.

Statistical evaluation

In this study, the effect of glenohumeral conformity on glenoid component tilting and
residual fixation strength by shear out tests is evaluated by analyzing the obtained
differences in superior and inferior glenoid rim-displacements and shear out strength,
respectively, using the unpaired t-test with a confidential level of 95%.
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6.3 Results

During cyclic loading, the superior ds and inferior di rim-displacements increased
and reached a constant value within 200.000 cycles (see Figure 6.3). The results
of the rim-displacement measurements after the initial 200.000 cycles are given in
Table 6.1 and in Figure 6.4. There was a significant difference between the max-
imal superior rim-displacement ds of the conform (Rg=24 mm), highly conform
(Rg=25 mm) and non-conform (Rg=29 mm) articular combinations, using the un-
paired t-test (p<0.05). The minimal inferior rim-displacement di did not show this
clear correlation with joint conformity, but for all specimens, negative inferior rim-
displacements were found.
Maximal humeral head displacements dy increased with decreasing joint conformity.
Humeral head displacements were significantly different for the glenoid components
with a radius of curvature Rg of 24 and 25 mm, compared to the 29 mm glenoid
component (p<0.05). Compared to the rigid-body model of Chapter 4, the maximal
humeral head displacements dy for articulating against glenoid components with a
radius of curvature Rg of 24, 25 and 29 mm differed +∞, -15.45 and -58.24 %.
None of the tested glenoid components, including the two glenoid components which
have been loaded for 1.000.000 cycles, showed loosening after visual inspection. The
shear out strength (max. value of Fshear during shear out tests) increased with in-
creasing joint conformity, but this was not significant (p>0.05). All tested glenoid
specimens by the shear out force, showed a similar failure mode, namely an excessive
plastic deformed glenoid component, rotated out of the cement layer about the keel
with a loose superior cement part, cracked under 45◦ with the superior-inferior axis
(see Figure 6.5).

Table 6.1: Maximal superior (Max. ds) and minimal inferior (Min. di) glenoid rim-
displacement (mm), glenoid component tilting λ = sin−1((ds − di)/cg) (◦), where cg is
38.5 mm), maximal humeral head displacement (Max. dy) (mm), of the experiments and
the difference with the rigid-body model of Chapter 4 and shear out strength (Max. Fshear)
(N) (mean (SD)) for glenoid components with radii of curvature Rg of 24, 25 and 29 mm,
articulating against a humeral head with radii of curvature Rh of 24 mm

Glenoid Glenoid tilting by rim-displacement measurements Shear out
radius Max. ds Min. di λ Max. dy Fshear

(mm) (mm) (mm) (◦) (mm) ∆ to RB (%) (N)
24 0.163 (0.01) -0.0257 (0.02) 0.28 0.607 (0.2) +∞ 2707 (452)
25 0.299 (0.03) -0.0362 (0.01) 0.49 0.651 (0.05) -15.45 2648 (299)
29 0.350 (0.02) -0.0238 (0.01) 0.56 1.386 (0.2) -58.24 2631 (312)
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Figure 6.3: Typical glenoid rim-displacements during the 200.000 cycles of glenoid compo-
nents with radii of curvature Rg of 24, 25 and 29 mm. Min. and max. ds are the superior
glenoid rim-displacements in medial direction at zero and maximal subluxation (350 N)
force, respectively, and max. and min. di are the inferior glenoid rim-displacements in
medial direction at zero and maximum subluxation force (350 N), respectively

6.4 Discussion

In this study, the effect of joint conformity on tilting and fixation strength of the
cemented glenoid-bone structure has been investigated, by means of varying the
radius of curvature of the glenoid component. A force-controlled test set-up has
been developed, applying physiological joint subluxation and compression forces at
the glenoid components. It was found that superior glenoid rim-displacements ds

decreased with increasing joint conformity. As the medial geometry of the glenoid
components is kept constant, the differences in rim-displacements must be due to
the different radius of curvature of the glenoid components. For given joint forces,
the joint contact point is more centric for glenoid components with smaller radius
of curvature, that is with higher joint conformity. The accompanying smaller struc-
tural deformation leads to lower strains and stresses at the interface, thereby it
might postpone glenoid component loosening. Negative inferior rim-displacements
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Figure 6.4: Results of the rim-displacement measurements for glenoid components with
radii of curvature Rg of 24, 25 and 29 mm after 200.000 load cycles. R2 is the second
order correlation coefficient

(a) (b)

Figure 6.5: Glenoid component specimens after shear out tests. (a) Plastic deformation
of the glenoid component around the keel structure. (b) The cement cracks are clearly
visible

di were found, indicating tensile stresses and strains at the bone-cement-component
interfaces at the inferior side of the glenoid component. Indeed, the interfaces at
the inferior glenoid are mentioned as critical zones for the presence of radiolucent
lines, for example around the inferior keel [34].
In ’ball-in-socket’ joints, such as the hip joint, the center of rotation (CoR) is fixed
during articulation. Experimental testing of these joints should be done under force-
controlled circumstances, using a physiological compression force (muscle forces)
and subluxation force (external forces). The shoulder joint also can be seen as
a ’ball-in-socket’ joint, as stated by studies investigating the biomechanics of the
shoulder joint [73, 139, 293, 244]. Many studies evaluating humeral head transla-
tions relative to the glenoid cavity in the healthy shoulder conclude that the CoR
is fixed [73, 139, 293], others state that the humeral head shows only small transla-
tions [244], mainly as a result of cartilage deformation. The almost constant CoR in
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natural glenohumeral joints during humeral movements implies that, if humeral head
translations occur, these are the result of external subluxation forces, for example
when carrying a bag. As a result, natural humeral head translations are the result
of known applied external forces. When applying displacements in experimental
testing, the resulting forces will depend on material properties and structural ge-
ometry and can be unrealistically high. Therefore, fatigue testing of the fixation of
the glenoid component should be done by applying an external load spectrum on
the humeral head according to typical ’activities of daily living’ (ADL). Only this
method of experimental testing provides proper insight into the effect of geometri-
cal changes on the fixation of glenoid components. Anglin et al. (2000) suggested
combined force and displacement-controlled experimental testing for the evalua-
tion of glenoid components [12]. By experimental testing the maximal subluxation
force with accompanying humeral head displacement was found and subsequently
the glenoid components were loaded by 90% of the superior and inferior maximal
humeral head displacement [12]. This method assumes that glenohumeral subluxa-
tion forces and humeral head displacements are the result of component geometry
only, which might not be the most realistic assumption, especially for shallow com-
ponents. Force-controlled humeral head movement seems to be a better option for
experimental testing of glenoid components. Additionally, this method of testing
allows for adjusting the applied forces to a pathologic specific load spectrum.
Maximal humeral head displacements dy were compared to a rigid-body model and
large differences were found. This is due to the fact that flexible materials are
used in the experiments (see for example the difference in the case of a conform
articulation in Table 6.1). However, in the case of articular non-conformity smaller
displacements dy are found as compared to the rigid-body model. This may be due
to friction between the CoCr humeral head and the UHMWPE glenoid component,
as this friction develops a force opposite to the subluxation force.
Most glenoid components showed immediate unbonding between glenoid component
and bone cement after starting the experiments. This indicates that UHMWPE
glenoid component fixation relies on mechanical locking rather than on adhesion.
However, complete loosening of the glenoid components, as defined in Section 6.2,
was not found after fatigue testing, not even for the two glenoid components which
have been loaded for 1.000.000 cycles.
Although it was found in this study that higher joint conformity shows smaller
structural deformation, with accompanying longer component fixation, in clinical
practice other factors should be considered. In the case of a conform articulation,
the accuracy of glenoid component positioning is of critical importance. A shifted
glenoid component might lead to glenoid rim loading, leading to high local stresses,
resulting in component deformation and wear. Proper alignment tools and modern
(3D visualized) operation planning techniques are a requisite when using conform
glenoid components.
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6.5 Conclusions

In this study the effect of joint conformity on component tilting and fixation strength
of the cemented glenoid-bone structure has been investigated. It was found that
higher articular conformity (smaller glenoid component radius of curvature) de-
creases glenoid component tilting, which might be advantageous for glenoid compo-
nent fixation. If the orthopaedic surgeon is able to accurately position the glenoid
component, the use of more conforming prostheses decreases the deformation of
the replaced glenoid structure, which might be beneficial for long-term component
fixation.
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Chapter 7

Effect of glenoid component
inclination on its fixation and
humerus subluxation

Hans Peter Steinacher and Roman Hagara searching for their optimal sailing
angle during the open multihull tornado finals race, Olympic Games, Athens, 2004
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7.1 Introduction

Main complications after a TSR are shoulder subluxation, dislocation and compo-
nent loosening [353]. The results of shoulder replacements must be improved to
increase patient satisfaction and long-term component fixation [105, 353].
Correct component positioning by the surgeon is mentioned as a critical factor for
functioning and survival of the TSR [286]. Glenoid component inclination angle,
related to how much the glenoid component articular surface is facing upward or
downward, is such a positioning factor. In a follow-up study, it was found that
after an average of 92 months, 26% of the loosened glenoid components changed
position and orientation and 3 out of 7 (43%) superior off-center loaded glenoid
components showed radiographic loosening, which all were upward facing glenoid
components [291]. Additionally, the inclination angle of the anatomical glenoid
cavity is associated with Rotator-Cuff (RC) tears [116, 314], which may lead to de-
creased shoulder functionality. Wong et al. (2003) investigated the effect of glenoid
inclination on superior humeral head migration in anatomical and prepared glenoid
structures. Glenoid inclination angles of 5◦, 10◦ and 15◦ were created using wedges
and led to a decreased force to produce superior humeral head migration up to
37.5% [355].
Using a rigid-body model, it is calculated that increased glenoid component incli-
nation locates the contact point more off-center and increases the accompanying
tilting moment on this component. The increased component tilting, may lead to
increased structural deformation, thereby affecting long-term glenoid component fix-
ation. Glenoid component orientation may also change the constraint angle θγ (see
Figure 7.1). Thereby it influences humeral head migration, subluxation and it may
increase the chance of a humerus dislocation, which are mentioned as main compli-
cations after a TSR. From a clinical and biomechanical perspective the importance
of glenoid component inclination on shoulder joint functionality and survival of TSR
has been indicated. However, the effect of glenoid component inclination on glenoid
tilting and fixation as well as on humeral head subluxation in TSR is still unknown.
In the present study, glenoid rim-displacements are related to glenoid fixation per-
formance. Glenoid component loosening is thought to be due to glenoid component
tilting, often referred to as glenoid component rocking, a result of off-center load-
ing [12, 53]. Off-center loading, for example in the superior direction, will compress
the superior side of the glenoid component into the glenoid bone stock, leading to
compressive stresses, whereas the inferior structure might undergo tensile stresses,
due to bone deformation and glenoid component tilting. This glenoid component
tilting may lead to early glenoid component loosening after a TSR. However, it is
still unknown how this is influenced by glenoid component inclination.
The aim of this study is to investigate the influence of glenoid component incli-
nation in TSR on tilting of cemented glenoid-bone structures and humeral head
subluxation, using a rigid-body model and a force-controlled testing apparatus.
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Figure 7.1: Schematic overview of the artificial shoulder joint (for description of the
symbols see the List of Symbols). (a) Glenoid component, inserted with inclination angle
γ=0. (b) Glenoid component, inserted with inclination angle γ >0

7.2 Methods

7.2.1 Specimen structure

Glenoid components are machined out of medical grade Ultra-High-Molecular-Weight-
Polyethylene (UHMWPE) (Chirulen 1020r, Poly-Hi Solidur GmbH, Vreden, Ger-
many), with the geometry of a commercial available keeled design. The components
have a superior-inferior dimension cg of 38.5 mm, corresponding to the measure-
ments of Ianotti et al. (1992) [121] (see Table 2.1), a radial thickness of 7 mm and
a radius of curvature Rg of 29 mm, leading to a constraint angle θ0 of 41.59◦ (see
the List of Symbols and Figure 7.1). When increasing the inclination angle, leading
to a more upward facing glenoid component, the constraint angle θγ decreases equal
to the increase of γ: θγ=θ0 − γ. A CoCr humeral head with a radius of curvature
Rh of 24 mm is used for articulating against the glenoid components, resulting in a
radial clearance ρ of 5 mm. This value is chosen as it is presently a recommended
value for commonly used glenohumeral replacements [336]. The glenoid components
were cemented into machined bone substitutes made of the cellular bone substitute
as described in Chapter 5, with stiffness and compressive strength of 47.5 MPa and
3.9 MPa, respectively. The glenoid specimens used in this study are similar to the
glenoid specimens with a radius of curvature of 29 mm used in Chapter 6.
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(a) (b)

Figure 7.2: Inclined glenoid component structure with dimensions (mm), (a) unloaded
and (b) loaded. Where: γ is the inclination angle, di and ds are the superior and inferior
glenoid rim-displacements in medial direction, respectively, Fy is the subluxation force
acting at the center of the humeral head in the y-direction, Fz is the joint compression
force acting at the center of the humeral head in the z-direction (see the List of Symbols).
1. Glenoid component 2. Cement layer 3. Bone substitute and metal holder 4. Clamping
mechanism

7.2.2 Force-controlled fatigue testing

The basis of the force-controlled shoulder simulator and test characteristics used
for this study have been described in Chapter 5. However, the set-up has been
rotated using metal wedges, (see Figure 7.3), leading to a range of glenoid component
inclination angles between -4.5◦ up to 4.5◦ by steps of 1.5◦. For this study, the
loading conditions as described in Chapter 5 are used, namely a subluxation force
Fy, cyclically varying between 0 and 350±1 N and a constant joint compression
force Fz of 725±10 N . For each inclination angle, five specimens have been loaded
for 200.000 cycles (n=5).

7.2.3 Method of measurement and evaluation

Measuring structural deformation and humeral head displacement

During the 200.000 load cycles, the superior and inferior rim-displacements ds and
di are monitored, using custom-made displacement sensors, which, together with
the method of measuring glenoid rim-displacements, are described in Section 5.2.3.
Humeral head displacement dy is measured using the hydraulic actuator of the MTS
materials tester and is compared to a rigid-body model (see Chapter 4). Using this



116 Design Considerations for the Glenohumeral Endoprosthesis

(a) (b)

Figure 7.3: The inclined force-controlled test set-up. (a) Schematic overview of the test
set-up. (b) The set-up integrated in the materials testing system. 1. Glenoid component
2. Humeral head 3. Glenoid bone substitute and metal holder 4. Horizontal aligned load
cell for measuring the subluxation force 5. Vertical aligned load cell for measuring the
compression force (PW24C3, HBM Darmstadt, Germany) 6. Signal amplifier (Peekel In-
struments B.V., Rotterdam, The Netherlands) 7. Linear bearing only allowing vertical
displacements 8. Linear bearing only allowing horizontal displacements 9. Superior and
inferior rim-displacement sensors 10. Rodless pneumatic actuator (Festo B.V., Delft, The
Netherlands) 11. Pressurized air input 12. Hydraulic actuator (MTS Systems Corpora-
tion, Eden Prairie, MN, U.S.A.) 13. Metal wedges rotating the set-up, leading to the
desired glenoid component inclination angle γ. See Figure C.3b in Appendix C for a color
representation

model, the humeral head displacement dy can be calculated by dy = ρsinϕ, where ρ is
the radial clearance between the glenoid and humeral component (Rg−Rh) and ϕ =
tan−1(Fy/Fz). In this study ρ=5 mm and ϕ is 25.77◦ at the maximal subluxation
force of 350 N , leading to a constant maximal humeral head displacement dy of
2.174 mm.

Humeral head subluxation

After fatigue testing and rim-displacement measurements, the effect of glenoid com-
ponent inclination on superior humeral head subluxation has been evaluated. A
range of inclination angles γ between -4.5◦ and +3◦ (downward and upward facing
glenoid components, respectively) by steps of 1.5◦ is chosen, in a similar way as for
the rim-displacement measurements. For each inclination angle, five specimens have
been tested.
Humeral head subluxation is displacement-controlled, translating upward with a
speed of 0.17 mm/s, starting from the center of the glenoid cavity up to almost half
the glenoid component superior-inferior dimension cg (see Figure 4.1), thereby al-
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most causing humeral head dislocation. In this experiment humeral head movement
is displacement-controlled, as this has been investigated for continuing humeral head
translations after Fymax has been reached. A force-controlled test is not possible in
this unstable articular region (see Chapter 4). Small initial joint compression of
about 30 N is applied, which increases during humeral head subluxation, due to
glenoid component concavity and characteristics of the pneumatic system. During
subluxation, both the subluxation force (Fy) and compression force (Fz) are moni-
tored with a sampling rate of 400 Hz. Small joint compression is used, to minimize
the effect of glenoid component deformation. The subluxation over joint compres-
sion force ratio Fy

Fz
as a function of the humeral head displacement, as obtained in the

experiment, is compared to the rigid-body model to create the possibility to easily
interpolate or extrapolate the experimental results without extensive computational
effort. This force ratio can be calculated for articulation inside the glenoid cavity
(stable articulation, equation 7.1) and about the glenoid rim (unstable articulation,
equation 7.2) (see Figures 1a and c in the List of Symbols):

Fy

Fz

=
dy√

ρ2 − d2
y

(7.1)

Fy

Fz

=

√
(Rhsinθγ − (dy − ρsinθγ))2

R2
h − (Rhsinθγ − (dy − ρsinθγ))2

(7.2)

where Fy and Fz are the joint subluxation and compression force, respectively, dy

the humeral head displacement in y-direction, ρ the radial clearance between the
glenoid (Rg) and humeral (Rh) component and θγ the glenoid component constraint
angle for inclination angle γ. Using the rigid-body model, the changeover from
stable to unstable articulation is at a humeral displacement dy of dy = ρsinθγ,
which simultaneously corresponds with the maximal subluxation over compression
force ratio (=Fymax

Fz
).

Statistical evaluation

In this study, the effect of glenoid component inclination on glenoid component
tilting and humeral head subluxation is evaluated by analyzing the obtained differ-
ences in superior and inferior glenoid rim-displacements and the subluxation over
joint compression force ratio Fy

Fz
, respectively, using the unpaired t-test with a con-

fidential level of 95%.
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Component loosening

After fatigue testing, rim-displacement measurements and humeral head subluxation
experiments, components were inspected visually on surface damage and component
loosening. In this study, component loosening is defined if movement occurs between
the glenoid component relative to the Polymethyl-Methacrylate (PMMA) bone ce-
ment - bone structure, when only applying a very small loading (e.g. <5 N).

7.3 Results

The superior and inferior glenoid rim-displacements increase during the 200.000 load
cycles, until they reach a constant value (see Figure 7.4). The absolute values of
both the positive superior and negative inferior rim-displacement, ds and di respec-
tively, significantly increased for increasing inclination angles, using the unpaired
t-test, p<0.05 (see Table 7.1 and Figure 7.5). Additionally, high correlation R2

with the inclination angle was found, with values of 0.8832 and 0.8318 for ds and
di, respectively. Positive and negative rim-displacements indicate compression into
and translating of the glenoid component away from the bone substitute, respec-
tively. Humeral head displacements dy for maximal subluxation force Fy are given
in Table 7.1, with an average of 1.986 (SD=0.3) mm and showed very small cor-
relation with the inclination angle γ (R2=0.208), which is in agreement with the
constant humeral head displacement as calculated using the rigid-body model. The
difference between the experimental humeral head displacement and the rigid-body
displacement ranged between -30.96% (γ=1.5◦) and +7.08% (γ=4.5◦). The varia-
tion in humeral head displacement might be due to different structural deformation
depending on compression force and inclination angle γ.
After rim-displacement measurements, the effect of glenoid component inclination
on superior humeral head subluxation has been investigated and compared to the
rigid-body model (see Table 7.1 and Figure 7.6). As the humeral head moves in
superior direction, an exponential increasing subluxation force is required during
stable articulation (Figure 7.1), due to glenoid component geometry. The force ra-
tio Fy

Fz
increases up to a maximum, as the contact point between the glenoid and

humeral component reaches the glenoid rim and thus depends on the constraint an-
gle θγ = θ0 − γ. Continuing superior humeral head translation goes together with a
decreasing subluxation force, which is only influenced by the radius of curvature of
the humeral head, articulating about the glenoid rim. For increasing glenoid com-
ponent inclination angles, the maximal force ratio Fy

Fz
as found in the experiments

decreases from 1.13 (γ=-4.5◦) to 0.61 (γ=3◦). This difference is significant (un-
paired t-test, p<0.05). In the rigid-body model, this force ratio decreased from 1.04
to 0.80 for the same inclination angles (see Table 7.1). Besides small scratches of the
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UHMWPE component, no surface damage was found of the PMMA bone cement
and bone substitute. Glenoid component loosening, as defined in this study, was
not found for any of the components after experimental testing. However, not any
component showed UHMWPE-PMMA bonding, as after glenoid specimen bisection,
glenoid components were loose from the bone cement and could be easily removed.

Table 7.1: Results of the rim-displacement and subluxation experiments with a comparison
to the rigid-body (RB) model (mean (SD)). λ is calculated as sin−1((ds − di)/cg)) and ∆
RB is the differences of the experiments with respect to the rigid-body model

Glenoid tilting by rim-displacement measurements Subluxation Exp.
Max. ds Min. di λ dy at Fy=350 N Max. Fy/Fz

γ Exp. Exp. Exp. Exp. ∆ RB Exp. ∆ RB

(◦) (mm) (mm) (◦) (mm) (%) (−) (%)
-4.5 0.264 (0.02) -0.00738 (0.01) 0.40 2.044 (0.1) -5.97 1.13 (0.05) +8.65
-3 0.330 (0.06) -0.0414 (0.01) 0.55 1.973 (0.1) -9.25 1.01 (0.04) +2.02

-1.5 0.274 (0.02) -0.04571 (0.02) 0.48 1.501 (0.2) -30.96 0.87 (0.07) -7.45
0 0.350 (0.02) -0.0238 (0.01) 0.56 1.947 (0.3) -10.44 - -

1.5 0.397 (0.07) -0.130 (0.04) 0.78 2.134 (0.5) -1.84 0.68 (0.05) -19.05
3 0.427 (0.08) -0.132 (0.01) 0.83 1.973 (0.3) -9.25 0.61 (0.04) -23.75

4.5 0.484 (0.06) -0.200 (0.03) 1.02 2.328 (0.2) +7.08 - -
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Figure 7.4: Development of glenoid rim-displacements during the 200.000 cycles of a
glenoid component inserted with inclination γ=0◦, articulating against a humeral head

with Rh=24 mm. Max. and min. ds are the superior glenoid rim-displacements in medial
direction at zero and maximal (350 N) subluxation force, respectively, and max. and min.
di are the inferior glenoid rim-displacements in medial direction at zero and maximal
subluxation force (350 N), respectively
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Figure 7.5: Results of the rim-displacement measurements for glenoid components inserted
with inclination angles ranging between -4.5◦ and +4.5◦. Max. ds and min. di are the
maximal superior and minimal inferior rim-displacement, respectively. R2 is the second
order correlation coefficient

(a) (b)

Figure 7.6: Results of the humeral head subluxation experiments for different glenoid
inclination angles. (a) Results of the experiments for glenoid components inserted with
inclination angles γ ranging between -4.5◦ and 3◦. (b) Results of the rigid-body model

7.4 Discussion

In this study, the influence of glenoid component inclination in TSR on tilting of
cemented glenoid-bone structures and humeral head subluxation has been investi-
gated, using a force-controlled test set-up with physiological loading conditions and
a rigid-body model. It was found that increasing glenoid component inclination an-
gles increased the absolute value of the positive superior (ds) and negative inferior
rim-displacements (di). As loading conditions and glenoid specimens are similar for
different inclination angles, this difference in rim-displacements must be due to the
glenoid component inclination angle only. The increasing rim-displacements also
indicate increasing compression and tension in the superior and inferior structure,
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respectively, of which especially tensile stresses can be harmful for glenoid compo-
nent fixation. This has also been indicated in a study by Nagels et al. (2002),
focusing on glenoid component loosening, in that study defined by the presence of
radiolucent lines or a component shift. Glenoid component loosening was found
to be present predominantly at the inferior side of the glenoid component [220].
Therefore, the results of the present study indicate decreased glenoid component
loosening for decreasing glenoid inclination angles, as decreased component tilting
and humeral head subluxation are found.
The absolute values of the inferior rim-displacements are smaller than the superior
rim-displacements (see Figure 7.5), which is the result of three causes. First, only
the superior glenoid surface has been loaded, leading to larger deformations of the
superior glenoid and underlying structures. Second, the superior glenoid compo-
nent contains less material volume, leading to larger deformations of this part of
the glenoid component than the inferior part. Finally, although both the superior
and inferior glenoid rim undergo equal joint compression at Fy=0, the component
tilting should be added to the superior rim and subtracted from the inferior rim.
Superior glenoid rim-displacements therefore increase, while inferior glenoid rim-
displacements decrease and even get negative.
The difference of the smaller maximal force ratio Fymax

Fz
of the subluxation experiment

compared to the rigid-body model is increasing for increasing inclination angles γ.
This might be due to the influence of superior glenoid structure deformation, and
friction between the CoCr humeral head and the UHMWPE glenoid component.
Superior glenoid structure deformation decreases the constraint angle and thereby
also the maximal force ratio and friction between the CoCr humeral head and the
UHMWPE glenoid component increases the maximal force ratio [12].
Shoulder surgery is difficult, due to the bad exposure of the glenohumeral joint
and joint pathology. However, the surgeon should keep in mind the importance of
glenoid component inclination as found in this study. Additionally, the results of
the present study indicate the need for accurate surgery, using improved alignment
tools or computer assisted surgery. It is found that a more downward facing glenoid
component shows smaller rim-displacements compared to an upward facing glenoid
component, in the case of superior off-center loading.
Two well-known options exist to achieve a more downward facing glenoid compo-
nent. If enough bone is present, bone reaming can be used, which is milling of
the glenoid cavity to change its orientation. The other option is to use bone graft-
ing, which is fixing small bone specimens to the glenoid cavity out of the removed
humeral head to change glenoid cavity orientation. As it adds bone volume it doesn’t
weaken the glenoid structure and is a good method, although it might be difficult
to perform [226, 306]. Another option is to insert glenoid components as shown in
Figures 7.7b and c. The presented glenoid components consist of a metal backing,
in which a glenoid inlay is positioned under an angle opposite to the inclination
angle of the prepared glenoid bone. As a result, it neutralizes glenoid inclination,
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leading to a smaller tilting moment and improved shoulder stability. This can be
achieved by adapting either the UHMWPE inlay or the metal backing. The second
option is better, as the chance of UHMWPE inlay dissociation and deformation are
smaller for thinner UHMWPE components [339]. For given joint forces Fy (superior
subluxation) and Fz (joint compression), glenoid component geometry and glenoid
cavity inclination, the tilting moment about the inferior glenoid component rim at
the bone-implant interface can be calculated using the rigid-body model. The mo-
ment arm of the joint contact force about the inferior rim decreases almost 14%
using the design as presented in Figures 7.7b and c compared to an upward facing,
standard glenoid component (Figure 7.7a), with dimensions and forces as used in
this study and an inclination angle of +4.5◦. Future research must investigate the
feasibility of this design option for resurfacing superior eroded glenoid bone stock.
This design decreases the glenoid component inclination angle, which is found to be
beneficial for shoulder functionality and long-term component fixation after a TSR.

(a) (b) (c)

Figure 7.7: Design options for neutralizing glenoid inclination, for example due to supe-
rior glenoid erosion. a) Inserting a metal backed glenoid component positioned and ori-
entated on the superior eroded glenoid cavity leads to an upward facing glenoid articular
surface. b) and c) Metal backed glenoid components with a neutralized glenoid inclination
angle with respect to the metal backing. This is done by adapting either the UHMWPE
inlay (b) or the metal backing (c)
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7.5 Conclusions

In this study, the effect of glenoid component inclination on glenoid rim-displacements
of the cemented glenoid-bone structure and on humeral head subluxation has been
investigated. It was found that glenoid components inserted with an increased in-
clination angle, leading to more upward facing glenoid components, show increased
values of the positive superior and negative inferior glenoid rim-displacements. This
might influence glenoid component fixation, in that increasing glenoid structure de-
formation may increase the chance of early glenoid component loosening. Decreas-
ing glenoid component inclination angles, leading to more downward facing glenoid
components, allow for higher superior subluxation forces relative to the joint com-
pression force, thereby increasing superior shoulder stability.
If the orthopedic surgeon has the possibility to accurately position the glenoid com-
ponent with different inclination angles, a more downward facing glenoid component
is preferable with respect to glenoid structural deformation and superior humeral
head subluxation.
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Chapter 8

Investigation of the adhesion
performance of UHMWPE

Surface treatment of the bottom of a sailing boat, to prevent the growth of osmosis
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8.1 Introduction

The conventional total shoulder replacement consists of a Cobalt Chromium (CoCr)
convex component articulating against an Ultra-High-Molecular-Weight-Polyethylene
(UHMWPE) concave component. Especially long-term fixation of the glenoid com-
ponent is difficult to achieve, both due to the few amount of available bone ma-
terial, necessary to achieve a rigid fixation, and the loading characteristics of the
glenohumeral joint. Glenoid component fixation should be improved to improve the
survival rates of shoulder replacements and thereby also patient satisfaction.
This study focuses on one design parameter, namely the fixation of UHMWPE gle-
noid components. Two methods of fixation are commonly used, namely cemented
and bone ingrowth fixation, generally used for older and younger patients, respec-
tively. In case of cemented fixation, the prepared bone stock is filled with unhardened
Polymethyl-Methacrylate (PMMA) bone cement, the component is then positioned
and held in place until the PMMA has hardened. However, UHMWPE, a non-polar
material due to its symmetrical molecular structure, is hydrophobic by nature, as
reflected by its wettability. As a result, adhesion of UHMWPE is difficult and
in combination with using PMMA, which is more a filler than an adhesive, current
cemented prosthetic components will mainly rely on mechanical interlocking. To im-
prove the mechanical locking, the UHMWPE glenoid components have structures
with grooves and holes at the backside surface of the component. The disadvantage
of these structures is the large amount of bone to be removed. This weakens the
surrounding structure and makes revision surgery, when needed, troublesome [15].
Another disadvantage of present used cemented components is fretting of the un-
bonded UHMWPE and PMMA surfaces, leading to third body wear of especially
PMMA wear particles between the convex CoCr and concave UHMWPE articu-
lating surfaces [253]. Improving the adhesion performance of UHMWPE may lead
to improved long-term fixation of current components. Additionally, geometrically
new designs may be developed, fixated partially or completely by adhesion, leading
to easier surgery and less bone removal.
Current viable surface modification techniques for applications in the biomedi-
cal field are gas-phase based treatments as reviewed by Chu et al. (2002) [52].
Surface oxidation of polymers using gas-phase surface modification has been fre-
quently investigated, such as Corona [95, 231, 308], radio frequency (RF) Glow-
discharge [95, 231, 143] and UV/Ozone treatments [231, 183, 262]. Surface oxida-
tion of polymers is the primary mechanism of these surface modification techniques
and results in a higher wettability and improved adhesion properties compared to
unmodified polymers [95, 308]. At present, there has not been a comprehensive
comparison between the various gas-phase surface treatment methods available, en-
compassing both wettability and adhesive performance in determining the optimum
method in improving the adhesive properties of these biomedical polymers.
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The aim of the study is to investigate the adhesion of single lap-joints made out of
medical grade UHMWPE after a UV/Ozone, Corona or RF Glow-discharge treat-
ment. In addition, mechanical abrasion and a combination of methods are considered
for comparison. A number of surface analyses were employed to better understand
the changes at the surface.

8.2 Materials

Medical grade UHMWPE specimens (110x25x1.4 mm) (Chirulen 1020, Poly-Hi
Solidur GmbH, Vreden, Germany) were cleaned using isopropanol and underwent
different surface treatments (for material properties see Table B.1 in Appendix B).
After undergoing one of the treatments, specimens were either evaluated by wetta-
bility and surface energy or bonded together by PMMA bone cement (Palamed G
20, Biomet Merck, Zwijndrecht, The Netherlands) or Methyl-Methacrylate MMA,
which is a structural adhesive (MA300, ITW Plexus, Kettering, UK). Since un-
treated PMMA has no adhesive properties, MMA was used to gain better insight
into the achievable adhesion performance and is chosen due to its similar chemical
structure to PMMA.

8.3 Surface treatments

The applied surface modification techniques were UV/Ozone, Corona and the RF
Glow-discharge treatment. The methods are all based on introducing oxygen-based
functional groups onto the surface of the UHMWPE specimens. Thereby, the now
asymmetric atomic structure becomes polar and electrically charged. Detailed work-
ings of these surface treatments and their industrial applications have been described
elsewhere [52, 308].
A fourth surface modification technique was added, namely surface roughening, to
investigate the effect of increased surface area on adhesion. Additionally, a combina-
tion of surface roughening and the RF Glow-discharge treatment was investigated.

UV/Ozone treatment

An in-house UV/Ozone apparatus was assembled using an 80 Watt mercury vapour
Heraeus Noble light (NNIQ120), as shown in Figure 8.1a. Wavelengths were of
the order of 184.9 and 253.7 nm and the samples were placed 20 mm away from
this source. The tests were performed at atmospheric conditions and specimens
were treated within a time range between 0 and 30 min. UV/Ozone requires long
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treatment times and penetrates deepest into the bulk material [308, 235], which
may affect the mechanical properties. Therefor, stiffness and strength of control
and treated specimens were measured, but no differences in mechanical properties
were found within the samples tested.

Corona treatment

A TIGRES Corona gun CKG with a TIGRES power supply of 50 Hz (Tigres GmbH,
Rellingen, Gemany) was used in this indirect Corona treatment. The gun consists
of two metal electrode bars 15 mm apart, between which a homogeneous Corona
discharge of 50 kHz is ignited. Compressed air flows at atmospheric conditions
in-between the electrodes, forcing the discharge towards the substrate in the form
of a cone with a parabolic base as shown in Figure 8.1b. Pre-tests had shown
that the optimum operating distance between the source and the substrate was
10 mm. Specimens were then treated within a time range between 0 to 120 s.
Manually moving the specimens underneath the Corona gun ensured that a wide
enough surface area was treated.

Radio frequency Glow-discharge treatment

The radio frequency (RF) Glow-discharge treatment was performed using a plasma
apparatus (TNO laboratories Eindhoven, The Netherlands) and is shown in Fig-
ure 8.1c. The RF Glow-discharge was generated using a 13.56 MHz ENI ACG-3
radio-frequency generator, coupled to an Astech ATH-50 matching impedance net-
work, which minimizes the reflected power. A glass reaction chamber with diameter
and length of 50 and 165 mm, respectively, was used to contain the plasma. The
chamber was fitted with an air inlet and surrounded by 10 turns of copper coil with
a diameter of 1.8 mm. The pressure needed to produce a stable uniform plasma at
the specified frequency was 1 mbar. A rotary pump with an inlet valve was used
to pump the entire plasma system and to keep the pressure consistently at this low
value. Cleaned specimens were positioned in the glass chamber, which was filled
with atmospheric air. The reactor chamber was then evacuated for 1 min, before
initiating the plasma by increasing the input power to the coil and decreasing the
glass chamber pressure. Two variables affected the level of activation of the surface;
time of treatment and input power needed to initiate the plasma. The optimum in-
put power of 200 W was found through the results of single lap-joint shear strength
pre-tests. Fixing this value, the treatment time was varied between 0-120 s. Fol-
lowing treatment, the samples were kept in flowing gas for 5 min before the reactor
was evacuated. To allow for the decay of free radicals, air was allowed to enter the
chamber to raise the pressure to atmospheric level.
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Mechanical abrasion

In order to test for the effect of surface area on the adhesive properties, samples
were treated with a 80 FEPA P − grade sandpaper. The paper was mounted onto
a sanding machine (Metabo, Nürtingen, Germany) to ensure that samples had the
same abrasion motion and that time of treatment could be easily measured. Samples
were exposed to treatments of 2, 5 and 10 s.

(a) (b)

(c)

Figure 8.1: Schematic representations of the different surface treatments. (a) The
UV/Ozone treatment. 1. UV-lamp 2. Sample 3. Sample holder 4. Chamber. (b) The
Corona treatment. 5. Corona discharge 6. Parabolic base 7. Sample 8. Compressed air
9. High frequency source. (c) The radio frequency (RF) Glow-discharge treatment. 10.
Sample 11. Vacuum chamber 12. To vacuum pomp 13. Copper wire 14. Radio frequency
source 15. Matching impedance network



Investigation of the adhesion performance of UHMWPE 131

8.4 Analyses

Surface analysis techniques and single lap-joint shear tests were performed to in-
vestigate bonding characteristics and shear strength. For all surface analyses and
shear strength experiments a number of three specimens (n=3) were used, except
for the shear strength experiments after ageing in a 0.9% NaCl solution, for which
2 lap-joints (n=2) were used.

Surface roughness

The effect of the different surface treatments on the surface roughness Ra of the
UHMWPE specimens have been measured at the Tribology group of the Delft Uni-
versity of Technology (Surtronic 3P, Taylor-Hobson, Leicester, England).

Wettability and surface energy

Wettability, indicating the spreading of a fluid drop over a surface, is a measure for
adhesion performance. This can be quantified by the water contact angle, which is
taken as the angle between the specimen surface inside the drop and the tangent of
the drop at the sample surface as shown in Figure 8.2. A smaller angle indicates
better wettability and adhesion. The wettability of every treatment parameter was
measured using a ramé-Hart 100 contact goniometer (ramé-Hart, inc, Mountain
Lakes, USA). A 3 µl drop of water was placed manually onto the surface and the
tangential cone method was used to model the shape of the drop and to measure
the water contact angle. With the same equipment, measurements of the surface
energy σ and their dispersive and polar contributions were taken using the Owens-
Wendt-Rabel-Kaelble method [360]: σ = σd +σp, where σd and σp are the dispersive
and polar parts of the surface energy respectively. Together with Young’s equation
(γsv = γsl + γlvcosα, where γsv, γsl, γlv are the surface energies between the solid-
vapour, solid-liquid and liquid-vapour interfaces), it can be derived that the polar
and dispersive part of the surface energy of the substrate can be found using 5
fluids with different polarity and known parameters. It is the polar part of the
surface energy that is of particular importance, because it is this part that may
be changed through surface modification. Five liquids of volume 3 µl and varying
surface tensions were used, namely purified water, glycerine, formaldehyde, aniline
and tri-tolyl-phosphate.

Interfacial shear strength
A common evaluation method of adhesive properties is by lap-joint testing. Al-
though the applied interfacial shear load is a non-physiological load, shear stresses
may occur in cemented prosthetic components, especially in the case of flat backside
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Figure 8.2: Definition of the water contact angle, as measured in this study. 1. Substrate
2. Liquid 3. Vapour. γsv, γsl, γlv are the surface energies between the solid-vapour,
solid-liquid and liquid-vapour interfaces

surfaces [14] and around grooves and holes for mechanical locking. For the single
lap-joints bonded by PMMA and MMA (see Figure 8.3a), a 20 mm overlap length
was used. Before mixing, a small amount of glass beads of 0.8 and 0.2 mm diameter
was added to the PMMA and MMA, respectively, to ensure a homogenous thickness
of the adhesive layer (see Figure 8.3b). A relative thicker interface has been chosen
for single lap-joints bonded by PMMA, as the bone cement interface for component
fixation is normally thicker than the thickness for engineering adhesive layers. Af-
ter bonding and curing for at least 24 hours, the single lap-joints were tested on a
20 kN Zwick testing apparatus (Zwick GmbH & Co. Ulm, Germany). Tests were
performed at cross-head speeds of 3 and 6 mm/min for the specimens bonded with
relatively stiff PMMA and more flexible MMA, respectively. The test speeds are
chosen to minimize both the influence of viscoelasticity and material creep. To bet-
ter simulate in-vivo conditions, the effect of ageing on the interfacial shear strength
was investigated. After a 10 min UV/Ozone, 5 s abrasion or combined 5 s abrasion
and 10 min UV/Ozone treatments, the specimens were bonded together by PMMA,
stored in a 0.9% NaCl solution for 0, 2.7 and 7.3 weeks at 37◦ C, after which the
interfacial strength was determined.

8.5 Results

Surface roughness

The surface roughness of the UHMWPE specimens after the different treatments can
be found in Table 8.1. No significant differences of the surface roughness were found
between the treated and untreated specimens. Also not for the abrasion treatment,
due to the large scatter in the data.
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Figure 8.3: Schematic representation of the method of investigation of the interfacial
shear strength. (a) A single lap joints by two UHMWPE sheet specimens, bonded together
with constant adhesive thickness. (b) The constant adhesive thickness is achieved by the
addition of glass beads with a diameter of 0.8 and 0.2 mm, for the PMMA bone cement
and MMA adhesive, respectively

Water contact angle

A summary of measured contact angles is graphically represented in Figure 8.4.
The measurements were also taken after a time lap of ten minutes, as this was the
maximum time that the samples were left before bonding, but no difference was
found. A dramatic decrease in contact angles was seen after a treatment time of
only a few seconds for both the Corona and RF Glow-discharge treatments, minutes
for the UV/Ozone but not at all after the abrasion treatment. The tests performed
gave the initial indication that the hydrophobicity of UHMWPE can be decreased
markedly. Complete wetting resulted after a RF Glow-discharge of 25 s and this was
not matched by any other treatment. Predictably, increasing the surface roughness
increases the contact angle, which is the result of local peaks and valleys on the
surface. Additionally, increasing the surface area of an already inert and hydrophobic
substrate only provides more area that the water cannot spread over and hence the
measured contact angle is larger.

Surface Energy

The variation of surface energy with treatment time is presented in Figure 8.5. The
increase in surface energy by the surface treatments is strongly related to the in-
crease in the polar part of the surface energy. If any, there is a slight decrease
in the dispersive component with the Corona treatment, most likely due to the
introduction of oxygen-based functional groups and the disturbance of the former
polymer surface. It appears that the RF Glow-discharge is the most efficient treat-
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Table 8.1: Surface roughness of the UHMWPE specimens before and after surface treat-
ments

Roughness Ra (µm) Max. Error (µm)
Treatment Parallel Perpendicular

None 0.37 0.92 0.12
Corona (60 s) 0.40 0.85 0.13

UV/Ozone (10 min) 0.42 0.81 0.20
RF Glow-discharge (30 s) 0.40 0.81 0.20

Abrasion (10 s, 80 FEPA P − grade) 4.89 5.69 3.43

(a) (b)

(c) (d)

Figure 8.4: Variation of the water contact angle with treatment time (t=0 is control spec-
imen), for different surface treatments. (a) UV/Ozone treatment. (b) Corona treatment.
(c) Radio frequency Glow-discharge treatment. (d) Abrasion treatment (see Figure 8.2 for
the definition of the water contact angle)

ment for the UHMWPE substrates, achieving in less than 20 s, a polar and overall
surface energy that is reached after 60s of Corona treatment, and not at all by the
UV/Ozone treatment. The surface energy has seemingly reached a maximum at 20
s and stays at this value for all times tested afterwards. This might indicate that
the maximum surface energy of UHMWPE has been reached, although this could
also mean that there was not enough reactive oxygen species present in the vacuum
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to be implanted into the surface. Both the Corona and RF Glow-discharge treat-
ments produce a polar part of the surface energy that becomes stronger than the
dispersive part with time, whilst the same trend is not observed with the UV/Ozone
treatment. The effect of this treatment on UHMWPE has to be questioned since
the polar force gives an indication as to the extent of oxidation of the surface. It
is apparent, with a maximum change of not more than 10 mN/m compared to 35
mN/m for the plasma treatments, that UV/Ozone has a minor effect on UHMWPE
from this evidence only. In all cases there is a peak in the surface energies and it
would be judicious to assume that the optimum treatment would be found in this
time region, for afterwards, not only is there a fall in the polar component, but the
efficiency of the treatment is also decreased.

(a) (b)

(c)

Figure 8.5: Variation of the surface energy with treatment time (t=0 is control specimen),
for different surface treatments. (a) UV/Ozone treatment. (b) Corona treatment. (c)
Radio frequency discharge treatment

Interfacial shear strength

Results of the interfacial shear strength experiments for UHMWPE specimens bonded
by PMMA and MMA are given in Table 8.2 and in Figure 8.6. Although all treat-
ments have improved the ultimate shear strength of the UHMWPE/PMMA single
lap-joints, the extent of the improvement differed for individual treatments. Single
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lap-joints of the treated UHMWPE specimens bonded by PMMA and MMA be-
haved similarly, both showing the same trends. The physical interaction that was
able to be induced at the PMMA/UHMWPE interface was increased to the point
where the PMMA was able to behave as an adhesive. Both abrasion and RF Glow-
discharge had a greater effect on lap-joints bonded by PMMA than the UV/Ozone
and Corona treatments and, after a combined abrasion RF Glow-discharge treat-
ment, it was able to approach the shear strength of MMA-bonded samples. The
extent of the increase in interfacial strength of the UHMWPE/MMA system was
such that the failure mode had changed from cohesive failure to failure within the
substrate with the onset of necking and plastic deformation of the UHMWPE spec-
imens, displaying the potential of this treatment.
The general trends for the UV/Ozone and Corona treatments are similar to those as
found by that of the surface energy, with the maximal shear stress values found at
treatment times of maximum surface energy. This tendency is not followed with the
RF Glow-discharge, which displays an increasing trend of shear strength increase to
beyond the treatment time as expected by the wettability results.
Table 8.3 shows the effect of ageing in a 0.9% NaCl solution at 37◦C. No signifi-
cant change was found after 2.7 and 7.3 weeks, indicating the stable behavior of the
applied treatments.

Table 8.2: Shear strength (MPa) of UHMWPE single bonded lap-joints, bonded by MMA
or PMMA, after different UHMWPE surface treatments. For the Abrasion treatment 80
FEPA P − grade sand paper has ben used

Surface treatment Treatment time (s) Shear strength (MPa)
MMA PMMA MMA PMMA

None - - 0.31 0.13
Corona 300 900 0.48 0.30

UV/Ozone 20 40 1.1 0.35
RF Glow-discharge 60 90 0.93 0.72

Abrasion 2 10 0.4 0.53
Abrasion + RF Glow-discharge 10+40 10+25 UHMWPE failure 1.0



Investigation of the adhesion performance of UHMWPE 137

Table 8.3: Shear strength (MPa) of UHMWPE single bonded lap-joints, bonded by MMA
or PMMA after ageing in a 0.9% NaCl solution at 37◦ C. For the Abrasion treatment 80
FEPA P − grade sand paper has ben used

Shear strength (MPa) after
Surface treatment different ageing time (weeks)

Treatment time (s) 0 (control) 2.7 7.3
UV/Ozone 600 0.18 0.14 0.18
Abrasion ∼10 0.27 0.36 0.34

Abrasion + UV/Ozone ∼10+600 0.74 0.55 0.76

8.6 Discussion

All three methods have improved the adhesion properties of UHMWPE to different
extents. It is clear that with respect to efficiency, UV/Ozone is the poorest per-
former of all methods used and exposure time necessary is of the order of minutes
compared to seconds for the others. The case may be that UHMWPE is transpar-
ent to the effects of this treatment and a similar result was found by Strobel et al.
(1996) [308]. Numerous studies have stated that bulk damage and ageing transpires
from the UV/Ozone treatment [85, 250], with no such observation from the other
treatments and this is a serious factor when considering its use with biomaterials.
Adsorption of atmospheric surface contaminants and reorganization of the surface
molecules are two processes that occur [145, 243] and hydrophobic recovery is an
unavoidable consequence of treated samples. Øiseth et al. (2002) had shown that
RF Glow-discharge treatments took in the order of days for treated high-density-
polyethylene to reach such a recovery and 24 hours for significant change [143].
Friedrich et al. (1998) found similar results with the indirect Corona treatment
on polypropylene films [85]. From water contact angle measurements performed in
this study, such ageing was not apparent in the short times tested. The time taken
between treatment and application of the adhesive was kept as short as possible but
with these results, such precautions were not necessary and this is particularly ben-
eficial in the case of surgery where extra time pressure due to treating the prosthesis
can be avoided.
There is a strong correlation between the variation of the polar force with time of
treatment and the shear stress results for UV/Ozone and Corona treatments (see
Figures 8.5a and b and Figures 8.6a and b). An increase of the polar force suggests an
increase in the oxidation of the surface and from the results obtained, this could be
directly correlated with an increase in lap-joint shear strength. This work therefore
supports studies as performed by Owens (1975), who used low-density polyethylene
with Corona treatment [233]. The interesting discovery in the present study using
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(a) (b)

(c) (d)

(e)

Figure 8.6: Variation of the interfacial shear stress with treatment time (t=0 is con-
trol specimen), for different surface treatments. (a) UV/Ozone treatment. (b) Corona
treatment. (c) Radio frequency discharge treatment (d) Abrasion treatment (e) Combined
RF-discharge / abrasion treatment

UHMWPE is that surface energy, and particularly the polar force measurements,
can be a very good qualitative predictor of the adhesive behaviour of UHMWPE.
Hence, future work focused on improving the described surface treatments can be
done using surface energy trends only. Although these similar trends with the water
contact angle and shear stress results were found, wettability data can provide an
over-optimistic prediction as to how the adhesion properties will improve. For ex-
ample, RF Glow-discharge treated samples can have contact angle close to 0◦, which
is not reflected in the shear strength using either PMMA or MMA.
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The extent as to how far these results should be taken into consideration with re-
spect to the adhesive properties however, is debatable. Surface oxidation methods
do result in varying amounts of chain scission of the polymer structure, lowering the
molecular weight of the outermost surfaces [308, 145]. The lower molecular weight
material is water-soluble, thereby clouding the interpretation of the treated samples
giving false information as to the extent of wetting of the underlying surface, which
is insoluble. In addition, there is also variation in measurements due to a number of
contributing reasons. The substrate surface may not be perfectly uniform smooth
due to machining lines and therefore the contact angles may show differences with
specimen orientation. On sheet material, the liquid drops tended to elongate de-
pending on the direction of the production process, resulting in the same effect of
varying contact angles with specimen orientation. Nevertheless, this effect is as-
sumed to be small and as a comparison, both the water contact angle and surface
energy measurements are very useful tools.
Although all treatments have improved the ultimate shear strength of the single
lap-joints bonded by PMMA, the extent of the improvement was not the same. A
similar trend had occurred with the MMA adhesive with shear stress values that
were generally twice as high, except for abrasion. However, to see if the effect of
the best surface treatment as investigated could be further improved, a combination
treatment of abrasion followed by RF Glow-discharge was examined. Recalling that
PMMA has little to no adhesive properties, the combination treatment resulted in
lap shear strength that completely outperformed all other UHMWPE/PMMA sin-
gle lap-joints. In fact, the time of RF-discharge treatment was less in the case of
the combination treatment, compared to the RF discharge treatment without me-
chanical abrasion. The combined treatment is not only more efficient, that is, less
RF Glow-discharge treatment time needed for optimum shear strength results, but
shear strength values were able to approach that of the MMA bonded samples. The
same trend was found by Ogawa et al. (1999), in their study on interfacial shear
strength of UHMWPE fibre/Polyethylene systems. Their results also indicate that
there is an equal contribution to interfacial shear strength from surface roughness
and surface modification [231].
It has been found that a combination of treatments was the best way to improve the
adhesive properties of the UHMWPE/PMMA system in a simple shear load case.
It is found that the effect of the combined treatment is more than simply summing
the effect of the separate treatments, as abrasion increases the effective area for
the surface treatments. Future studies are necessary to investigate the behaviour of
these specimens under dynamic (fatigue) loading.
However, the results obtained in this study have shown that improved fixation can
be acquired through surface modifications techniques. The potential to change cur-
rent prosthetic designs in TSR that are based on fixation by adhesion might be
realized. Additionally, research into a structural adhesive for in-vivo use may be
very worthwhile.
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8.7 Conclusions

The aim of this study was to investigate the effect of different surface modification
techniques on the adhesion performance of UHMWPE, when bonded with PMMA
bone cement or MMA adhesive. Adhesion properties improved to various degrees
after all treatments in the following order of increasing effectiveness of the treat-
ments: UV/Ozone, Corona, abrasion, RF Glow-discharge and a combined abrasion
and RF Glow-discharge treatment and was not affected by ageing in a 0.9% NaCl
at 37◦ C. Adhesive behaviour between the PMMA bone cement and UHMWPE
showed similar trends with MMA and UHMWPE, which performed superiorly. Fu-
ture research both into a new adhesive for in-vivo use and component design would
be tremendously worthwhile, especially for this new concept of glenoid fixation.



Chapter 9

Effect of the cement-prosthesis
interface on FE Modelling

A curling team is busy creating a fluid film, which must maintain the sliding
speed of their stone, thereby hopefully reaching the center of ’the house’
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9.1 Introduction
In Chapter 2, the need for design improvements of the shoulder replacement has
been elaborated on. These design improvements must be validated, which can be
done using experimental testing, including quasi-static and fatigue tests, as well as
by numerical tools, e.g. the Finite Element (FE) method.
The FE method is very useful for investigating the performance of prosthetic designs,
as this method allows for good parameter control, is fast and relatively cheap. How-
ever, accurate investigation of the artificial joints, results in very complex numerical
models, consisting of the prosthetic components, the surrounding bone, several inter-
faces and multiple loading and constraint conditions. The model must be realistic,
built up without errors and, if possible, it must be validated.
The complex FE models of artificial joints consist of many important details, which
are not unambiguous and need discussion. One of these details for discussion is the
cement-prosthesis interface, in the case Ultra-High-Molecular-Weight-Polyethylene
(UHMWPE) components cemented by Polymethyl-Methacrylate (PMMA) are anal-
ysed. This interface may be physically unbonded, not only years after in-vivo use,
but also direct post-operatively, as demonstrated by in-house experiments and from
literature [133, 173]. Many FE models assume this interface to be rigidly bonded,
which might be not correct, as also discussed by Stone et al. (1999) [307] and
Couteau et al. (2001) [61]. A more realistic method is to use contact elements in
combination with a coefficient of friction (CoF).
According to the authors of the present study, the effect of the modelling conditions
of this interface on the results is still unknown. To investigate this effect, the CoF
between PMMA and UHMWPE, which is never meant to be a bearing interface,
should be investigated, as no values are found in literature.
The aim of this study, therefore, is twofold. First, the CoF between PMMA bone
cement and UHMWPE will be determined experimentally, to be used for the second
aim. This second aim is to investigate the effect of the interface condition between
the PMMA bone cement layer and the UHMWPE glenoid component on cement
stresses and glenoid component tilting by using FE modelling. Subsequently, these
topics will be discussed in Section 9.2 and Section 9.3.
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9.2 Experimental investigation of the coefficient

of friction between PMMA and UHMWPE

9.2.1 Methods and materials

Materials

To measure the static and dynamic coefficient of friction (CoF) in a wet and dry envi-
ronment, cylindrical PMMA bone cement specimens (Palamed G20, Biomet Merck,
Zwijndrecht, The Netherlands) have been used. They are made by turning, during
which they rotate about their longitudinal axis and the chisel is first positioned in
front of the specimen at the preferred distance from the longitudinal axis and then
pushed into the PMMA specimen, in longitudinal direction for ∼2mm. As a result,
the specimens with a height of 6 mm, are divided in a lower part with a diameter of
6.51 mm and an upper part with diameters of 6.51, 4.61, 3.76, 3.26 and 2.91 mm.
In combination with a total load of 100 N , distributed over three identical PMMA
specimens, this leads to contact pressures ranging between 1.0 and 5.0 MPa. This
range corresponds to the maximal principal cements stresses, as found by Couteau
et al. (2001) [61].
During measurements of the dynamic CoF, the surface of the brittle and more
porous PMMA specimens becomes filled with the softer UHMWPE, resulting in a
more smooth PMMA specimen surface. This is demonstrated using Scanning Elec-
tron Microscope (SEM) photo’s (Scanning Microscope Jeol, JSM840A, Japan). As
can be seen in Figures 9.1b and c, there is a clear difference in the surface porosity,
also demonstrated by the difference in surface roughness of the PMMA specimens
before and after measuring the dynamic CoF. Therefore, the static CoF has been
measured of both new as well as UHMWPE-filled PMMA specimens, for good com-
parison with the dynamic CoF and to better simulate in-vivo conditions.
The upper part of the PMMA specimens contact a 1 mm thick UHMWPE disc
(Chirulen 1020, Poly-Hi Solidur GmbH, Vreden, Germany). For material properties
see Table B.1 in Appendix B.

Surface roughness

The surface roughness Ra of both the PMMA specimens and UHMWPE disc have
been measured before testing and the PMMA specimens also after testing (Surtronic
3P, Taylor-Hobson, Leicester, England). The PMMA specimens have been mea-
sured and averaged for two perpendicular directions on the sliding surface and the
UHMWPE disc has been measured and averaged on four locations of contact in
sliding and perpendicular direction.
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(a) (b) (c)

Figure 9.1: Scanning Electron Microscope (SEM) photo’s of the contacting area of
PMMA specimens. (a) Complete surface area, partially filled with UHMWPE (12x). (b)
Detail of a porous location (150x). (c) Detail of a UHMWPE-filled location (300x)

The static CoF

For measuring the static CoF, three PMMA specimens with similar diameter are
placed into a triangular holder (see Figure 9.2). Before testing, the PMMA speci-
mens were abraded against 1000 FEPA P−grade sandpaper. This was done to make
sure that all three PMMA specimens had full surface contact with the UHMWPE
disc and that all PMMA specimens had equal surface roughness. Although in-vivo
surface roughness of the PMMA bone cement at the interface is unknown, the cho-
sen FEPA P − grade value can be seen as an upper limit, leading to a relatively
smooth PMMA specimen surface. The constant total weight placed on top is 100
N , leading to average contact pressures ranging between 1.0 and 5.0 MPa. Tests
are performed in a dry and wet (water) environment at room temperature. A force
sensor has been connected to the triangular holder, measuring the manually applied,
increasing pulling force (see Figure 9.2). The force sensor is connected to a signal
amplifier (Peekel Instruments B.V., Rotterdam, The Netherlands), which records
the maximal applied force. This maximal applied force occurs just before the holder
starts to move and is therefore used as a measure for the static CoF. The maximal
applied pulling force ranged between 12.1 and 29.9 N , which was always reached
within 10 s. This experiment has been repeated three times with different specimens
for each contact pressure.

The dynamic CoF

For measuring the dynamic CoF, three identical PMMA specimens are placed in the
rotating holder of a standard pin-on-disc tester at the Tribology Research Group,
Delft University of Technology, The Netherlands (see Figure 9.3). The PMMA spec-
imens have similar dimensions as for the static CoF measurements. The specimens
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slide against the UHMWPE disc with an applied contact force of 100 N , thus also
tested for a contact pressure ranging between 1.0 and 5.0 MPa. Tests are performed
in a dry and wet (water) environment at 37◦ with a sliding velocity of 50 mm/s.
This speed was chosen to prevent both influences of relaxation and visco-elasticity,
although in a study by Zhang et al. (1998) it was found that the sliding velocity
doesn’t influence the CoF between UHMWPE and steel, in which serum was used
as a lubricant [364]. After a run-in phase of at least 45 minutes, the dynamic CoF
has been recorded and averaged over a period of approximately 2 hours. This ex-
periment has been repeated three times with different specimens for each contact
pressure.

Statistical evaluation

In this study, the CoF for different conditions has been measured, namely dynamic
and static, both in a wet and dry environment. Additionally, of the specimens
for the measurement of the dynamic CoF, which become filled with UHMWPE,
the static CoF has been measured in a dry and wet environment. All six different
measurements have been performed for contact pressures ranging between 1 and 5
MPa. To investigate the significance of the obtained results of the six different test
conditions, the results are averaged with respect to the contact pressure and the
unpaired t-test with a confidential level of 95% has been used. Additionally, the
significance of the effect of contact pressure on the CoF has been investigated.

9.2.2 Results

Before each measurement, the surface roughness Ra at the sliding surface of the
machined PMMA specimens and of the UHMWPE disc in sliding and perpendic-
ular direction has been measured. Machined PMMA specimens have a roughness
Ra of 1.695 µm (SD=0.323) in both directions. After measuring the dynamic CoF,
the surface roughness has been measured again for the PMMA specimens and a
surface roughness of 0.464 µm (SD=0.100) was found. The surface roughness of the
UHMWPE disc in sliding and perpendicular direction was found to be 0.227 µm
(SD=0.0656) and 0.475 µm (SD=0.0274), respectively.
The dynamic CoF in a dry and wet environment averaged 0.296 and 0.113, re-
spectively, whereas the static CoF in a dry and wet environment averaged 0.297
and 0.252, respectively (see Table 9.1). The results are also presented graphically,
to better demonstrate the influence of the contact pressure on the CoF (see Fig-
ure 9.4). The obtained differences in the CoF, averaged for the contact pressure for
the dry and wet test conditions, are significant (p<0.05). The differences between
the dynamic and static CoF for the dry test condition is not-significant (p>0.05)
and for the wet condition significant (p<0.05), respectively. The static CoF of the



Effect of the cement-prosthesis interface on FE Modelling 147

1 2 3 4 5 6

(a) (b)

Figure 9.2: Overview of the experimental test set-up for measuring the static coefficient
of friction. (a) Components for the measurements. 1. Metal holder for the UHMWPE
sheet specimens. 2. UHMWPE specimens (3x). 3. Peekel signal amplifier. 4. Force
transducer 5. PMMA specimen holder with PMMA specimens (3x). 6. Additional weight
to obtain 100 N . (b) Assembled test set-up and method of force application

UHMWPE-filled specimens in a wet and dry environment averaged 0.153 and 0.142,
respectively, which are both significantly different (p<0.05) compared to the static
CoF of new specimens, in a dry and wet environment, respectively.
In Figure 9.4 it can be seen that the dynamic CoF is decreasing with increasing con-
tact pressure, as is also found in literature for the CoF in sliding conditions [175].
The differences for the dynamic CoF with respect to contact pressure for dry test
conditions is non-significant, whereas the dynamic CoF for wet test conditions with
contact pressures of 4 and 5 MPa is significantly different compared to 1, 2, and 3
MPa (p<0.05).

9.2.3 Discussion

In this study the CoF between PMMA bone cement and UHMWPE has been inves-
tigated. The results are used to investigate the effect of interface conditions between
the PMMA cement layer and the UHMWPE glenoid component on cement stresses
and glenoid component tilting, using FE modelling.
The CoF for a given material combination is influenced by many parameters, such
as surface roughness, method of manufacturing, load conditions etc. However, this
study was not meant to investigate all influencing parameters on the CoF. The aim
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Figure 9.3: Pin-on-disc tester (Tribology Research Group, Delft University of Technology,
The Netherlands). 1. Three identical PMMA specimens are inserted in the brass rotating
disc. 2. Metal ring with the UHMWPE disc, which is placed on top of the three PMMA
specimens. 3. Vertical aligned pin with strain gauges to measure deflection. 4. 100 N
weight with a horizontal aligned pin. The horizontal pin blocks against the vertical one
with strain gauges and constraints the UHMWPE disc and the weight on top from rotating.
The CoF is then measured by converting the deflection of this vertical beam

of this study was to provide a CoF for a specific application, namely to be used in
FE analyses of joint prosthesis design.
In a study of Lavielle (1991), a proportional relation was found between surface
energy and friction behaviour of polymers [163]. This may also be of importance in
the case of UHMWPE, as the surface energy may vary either by unwanted effects,
for example due to sterilization methods, or be the desired result of surface modifi-
cation techniques, such as described in Chapter 8.
Detailed contact properties of the PMMA - UHMWPE interface under in-vivo condi-
tions are still unknown. As a result, different test-conditions are used to investigate
if and to what extent interface conditions affect the CoF. As also the fluid proper-
ties at the PMMA - UHMWPE interface are unknown, water is used as a lubricant.
From literature it is known that a somewhat higher CoF can be expected when
serum is used instead of water [175].
It is found that a lower CoF is found in the case of a wet test condition. The
fluid film separates the opposing surfaces and any load is carried by the pressure
generated within the lubricant. As there is no direct contact between the surfaces,
the CoF is lower. In the case of the dynamic test condition, this is intensified by
’Elasto-Hydrodynamic Lubrication’ (EHL). EHL causes improved fluid film lubrica-
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Table 9.1: Dynamic and static coefficient of friction between UHMWPE and PMMA for
different contact pressures and test conditions (mean (SD))

Pressure (MPa)
Test condition 1 2 3 4 5 Mean
Dynamic / Dry 0.298 0.305 0.305 0.294 0.255 0.291

(0.018) (0.021) (0.031) 0.012) (0.048) (0.038)
Dynamic / Wet 0.127 0.124 0.121 0.09 0.102 0.113

(0.009) (0.014) (0.016) (0.002) (0.007) (0.017)
Static / Dry 0.299 0.295 0.285 0.31 0.296 0.297

(0.027) (0.025) (0.028) (0.023) (0.022) (0.003)
Static / Wet 0.261 0.247 0.23 0.241 0.28 0.252

(0.024) (0.032) (0.015) (0.02) (0.026) (0.006)
Static / UHMWPE 0.152 - 0.178 - 0.129 0.153

- filled / Dry (0.012) (0.011) (0.011) (0.025)
Static / UHMWPE 0.138 - 0.168 - 0.121 0.142

- filled / wet (0.006) (0.008) (0.007) (0.024)

tion, which is the result of a velocity difference between the two surfaces, creating
a pressure difference at the tops of roughness peaks, thereby deforming these peaks
and preventing direct contact [275].
In this study, a non-significant difference was found between the static and dynamic
CoF in a dry environment. Even a larger dynamic than static CoF was found for
contact pressures of 2 and 3 MPa. In literature this is found more often and may
be the result of using different test methods and conditions for the static and dy-
namic CoF. Unfortunately, it was practically not possible in this study to use the
same equipment to measure both the static and dynamic CoF. Also, environmental
conditions were different when measuring the dynamic and static CoF, such as the
temperature.
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Figure 9.4: (a,b) Results of the static and dynamic coefficient of friction as function
of the contact pressure in wet and dry test conditions, respectively. (c) Overview of the
results of the six test conditions. * PMMA specimens filled with UHMWPE

9.3 The effect of interface conditions on Finite

Element Modelling of the artificial shoulder

9.3.1 Methods and materials

To investigate the effect of friction between the UHMWPE glenoid component and
the PMMA bone cement on component stresses and glenoid tilting, a three dimen-
sional FE model of the artificial glenoid structure has been developed (see Fig-
ure 9.5). The model consists of 42.417 C3D4 tetraeder elements and is analysed
using ABAQUS, version 6.3-3 (ABAQUS Inc., Pawtucket, USA). The effect of the
interface condition has been investigated for maximal principal stresses and the su-
perior and inferior glenoid component rim-displacements, ds and di, respectively (see
the List of Symbols). Glenoid component tilting λ, which is a measure for upward
and downward glenoid component rotation due to glenoid rim-displacements, may
be the underlying cause of glenoid component loosening, especially if this tilting
causes tensile stresses in the bone cement layer. This tilting can be calculated using
the glenoid component rim-displacements by λ=sin−1((ds − di)/cg), where cg is the
glenoid superior-inferior chord length (38.5 mm).
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Figure 9.5: The glenoid structure as used for the symmetric three-dimensional Finite
Element Model. 1. CoCr Humeral head 2. UHMWPE Glenoid component 3. PMMA
cement layer 4. Bone structure 5, 6, 7. Wall constraints. Both the plane of symmetry and
the parallel anterior wall are constrained in normal direction. Fs and Fc are the applied
joint subluxation and compression forces, respectively

Geometry

The geometry of the FE model is based on the experimental test set-up, described
in Chapter 5. The half of the original symmetrical test specimen has been modelled,
leading to a rectangular bone block, representing the glenoid part of the scapula,
with outer dimensions of 20x50x40 mm (wxhxd) (see Figure 9.5). Furthermore, the
model consists of a 2 mm cement layer, the geometry of a commercially available
keeled glenoid component with radius of curvature Rg of 29 mm, radial thickness
of 7 mm and a height cg of 38.5 mm. Finally, the load is applied using a humeral
indenter with radius of curvature Rh of 24 mm.

Material properties

Mechanical properties of the bone material are based on weak rheumatoid bone and,
together with the properties of other materials used, can be found in Table 9.2. The
distribution of the materials in the FE model is shown in Figure 9.5.
All materials used in the FE model are assumed linear elastic. The Young’s modulus
of 137.5 MPa of the bone structure is rather low, although within the range as found
by Frich et al. (1997) [84].

Interface conditions

Between the humeral indenter and the glenoid component a CoF of 0.l is assumed,
whereas for the CoF between the cement layer and glenoid component the six av-
eraged results of the experiments have been used (see the final row in Table 9.1).
Additionally, a CoF of 0, 0.01, 0.4, 0.6, 0.8 and 1 as well as a full bonding, which is
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Table 9.2: Material properties used in the Finite Element model

Property UHMWPE PMMA CoCr Bone
Young’s Modulus (GPa) 1.0 2.733 210 0.1375

Poisson’s ratio ν (-) 0.4 0.3 0.3 0.3

a node-by node connection at the interface, have been applied to better investigate
the effect of interface conditions on stresses in the cement and glenoid component
tilting. As a result, a total of 13 analyses were carried out. The interface between
the bone cement and the surrounding bone is modelled as a full bonding.

Applied forces and boundary conditions

A joint compression force Fz of 725 N and a joint subluxation force Fs in superior
direction of 350 N are applied at center of the humeral head indenter, similar to the
experiments as described in Chapters 5 through 7.
All nodes on the inferior, medial, and anterior wall as well as those on the plane of
symmetry of the bone structure are constrained in both normal directions of these
planes. Of the superior wall of the bone structure, only the nodes on the medial
half are constrained in both normal directions of this plane (see Figure 9.5). This is
to allow for a more natural deformation pattern, conform to the experimental test
set-up.

Type of analysis

A geometrical non-linear analysis is carried out in two steps, in which in the first
step the compression force is applied and in the second the analysis is continued
with the application of the subluxation force.

9.3.2 Results

In this study, a FE analysis of a cemented keeled glenoid component has been car-
ried out with different interface conditions between the PMMA bone cement and the
UHMWPE glenoid component. An overview of the results of the maximal principal
stresses and medial-lateral displacements of the three parts of the FE model for the
13 analyses can be found in Table 9.3. Figures 9.6 and 9.7 provide the distribution
of the maximal principal stress and medial displacements for the glenoid component
and bone cement layer. Additionally, Figures 9.8 and 9.9 give the maximal principal
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stresses and the superior ds and inferior di glenoid component rim-displacements as
a function of the coefficient of friction at the interface as well as in the case of full
bonding.
Clear differences were found in maximal principal stresses in the UHMWPE glenoid
component, the PMMA bone cement and the bone structure for the different inter-
face conditions. In the glenoid component, the difference of the maximal principal
stresses due to different interface conditions, where a full bonding at the interface
is taken as the reference (20.74 MPa), ranged between -15.8% (CoF=0) and -8.8%
(CoF=1). In the bone cement, with a maximal principal stress of 21.3 MPa in the
case of a full bonding, this difference ranged between +24.5% (CoF=0.113, which is
the dynamic CoF in a wet environment) and +51.1% (CoF=0). Finally, the differ-
ence of the maximal principal stress in the bone structure ranged between +11.5%
(CoF=1) and +18.8% (CoF=0), relating to an analysis with a full bonding at the
interface (29.6 MPa).
Also, clear differences were found in tilting of the glenoid component, the PMMA
bone cement and the bone structure for the different interface conditions. The
difference in glenoid component tilting due to different interface conditions, where
the very small tilting with a full bonding at the interface is taken as the reference
(0.763◦), ranged between +84.1% (CoF=0) and +37.0% (CoF=0.4). In the bone
cement, with a tilting of 0.741◦ in the case of full bonding, this difference ranged
between +15.8% (CoF=0.113, which is the dynamic CoF in a wet environment) and
+9.9% (CoF=0.6). Finally, the difference of the maximal medial displacement in the
bone structure ranged between +10.4% (CoF=0.8) and +15.4% (CoF=0), relating
to an analysis with a full bonding at the interface (0.739◦).
Good correlation was found between the maximal principal stress and the CoF at
the UHMWPE and PMMA interface for the glenoid component and bone structure,
with a correlation R2 of 0.9407 and 0.9914, respectively. A worse correlation of
0.6038 was found for the correlation between the maximal principal stress in the
cement layer and the CoF. For the superior ds and inferior di rim-displacements,
a close to zero and high correlation of 0.0148 and 0.8964 were found, respectively.
All applied interface conditions lead to negative inferior glenoid rim-displacements
di, although in the case of full bonding this inferior rim-displacement is almost zero
(-0.031 mm).

9.3.3 Discussion

In this study the effect of interface conditions between the UHMWPE glenoid com-
ponent and the PMMA cement layer on cement stresses and glenoid component
tilting has been investigated, using FE modelling. The background of this study
is that no bonding was found between many glenoid components as found by in-
house experiments. However, interface bonding between these two surfaces depends
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on many factors, such as the type of UHMWPE and PMMA bone cement used,
the method of sterilization and the method of storage. Additionally, surface mod-
ifications can be used to improve adhesion between UHMWPE and PMMA (see
Chapter 8). In advance it is not known if the glenoid component will adhere to the
bone cement.
Although the maximal stresses in the UHMWPE as obtained in the analysis (20.74
MPa with a full bonding at the interface) are somewhat lower than found in the
study by Swieszkowski et al. (2003), who found 25 MPa [309], it is still close to the
yield strength of UHMWPE. As a result, a similar conclusion can be drawn, that
UHMWPE wear may indeed occur in joint replacements, as the UHMWPE yield
strength may be exceeded.
The FE model as used in this study has not been validated. However, the aim of
this study was not to developed a validated, detailed FE model of the scapula with
a Total Shoulder Replacement. Our aim was to investigate the effect of interface
conditions between PMMA bone cement and the UHMWPE component on cement
stresses and glenoid component tilting in a FE model. However, some remarks can
be made, when comparing the results of this study with the results of the experi-
ments, on which the FE model is based on.
The superior and inferior rim-displacements of the glenoid component show a very
similar qualitative behaviour compared to the experimental measurements. Both
the experimental and computational results show glenoid component tilting out of
the bone cement, opposite to the side of glenoid component loading. In the case of a
full bonding at the interface this leads to tensile stresses in the bone cement and in
all other cases to a gap between the glenoid component and the bone cement. Com-
pared to the experimental results, the absolute values of the rim-displacements as
calculated by the FE model are more than 1.5 times larger for the superior rim and
almost 10 times larger for the inferior rim, for which the values were much smaller.
The values in the case of a full bonding in the FE model are of the same order of
magnitude to the results of the experimental measurements, although this interface
condition was not found in most glenoid specimens during the experiments.
Very few similar studies focused on the investigation of the stresses in and around
glenoid components using the FE technique. Couteau et al. (2001) investigated the
effect of some surgical parameters on the stresses in the cement layer using a 3D FE
model of the scapula [61]. Although they validated their FE model by experimental
measurements and good agreement was found, nothing was mentioned about the in-
terface conditions between glenoid component and cement. However, some of their
results show stresses in the cement layer, which are of the same order of magnitude
as found in our study.
In the present study, the superior ds and inferior di rim-displacements show zero and
high correlation with the CoF, respectively (see Figure 9.9). Therefore, it seems that
compression of the superior glenoid structure is not influenced by the CoF, whereas
the effect on deformation of the inferior glenoid structure is clearly present. It may
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be that the increasing shear stiffness at the interface, due to the increased CoF,
restrains gap-opening between the inferior glenoid component and the cement layer.
In Section 5.4 it was questioned whether bonding between the glenoid component
and the PMMA bone cement was beneficial for component fixation in the case of
presently used glenoid component designs. In the present study, using a Finite El-
ement model of the replaced shoulder, increased maximal principal stresses in the
glenoid component was found, but also less glenoid component tilting, when apply-
ing a full bonding at this interface, compared to contact elements and a CoF. In
the cement layer and bone substitute both lower maximal principal stresses and less
medial-lateral displacements were found in the case of a full bonding at this inter-
face. With respect to this, it can be concluded that physical adhesion between the
UHMWPE glenoid component and the PMMA bone cement can be beneficial for the
fixation of glenoid components. Although the presented FE model is different from
the FE models with the geometry of a scapula, in which the glenoid components are
inserted, the obtained differences of the results still demonstrate the importance of
the interface conditions.

9.4 Conclusions

The aim of the study was to investigate the static and dynamic coefficient of fric-
tion (CoF) between PMMA and UHMWPE to be used to investigate the effect of
friction on stresses in the bone cement and on glenoid component tilting using the
FE technique.
Although test conditions have a great effect on the CoF, a non-significant difference
was found between the static and dynamic CoF for a dry test condition. However,
a dramatic decrease of the static CoF was found when using PMMA specimens,
which were first used to measure the dynamic CoF. These porous PMMA specimens
became filled with the softer UHMWPE during testing. This leads to decreased
friction, which may also be the case for cemented glenoid components in-vivo.
A recommendation for future work is to measure both the static and dynamic CoF
with the same equipment under similar circumstances. However, it wasn’t our aim
to perform an investigation of the CoF in great detail. Our aim was to indicate the
CoF between PMMA bone cement and UHMWPE to be used in a FE model.
It is found that full bonding provides a small overestimation of the maximal princi-
pal stresses in the glenoid component, whereas in the bone cement and underlying
bone it dramatically underestimates the maximal principal stresses, with respect to
a CoF at the interface. Also, although full bonding only slightly underestimates
the superior glenoid rim-displacements, it provides an unexpected behaviour of the
inferior glenoid rim-displacements, as it prevents the glenoid component to tilt away
from the cement, due to the node-by node connection at this interface. This indi-
cates that, in the case bonding between UHMWPE and PMMA is present in-vivo,
tensile stresses in the bone cement can occur, as there is a tendency for lateral
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rim-displacements of the inferior glenoid component. A full bonding only slightly
underestimates the medial displacements in the bone cement and underlying bone.
A recommendation for future research is to perform a similar study in an exist-
ing, validated FE model, using the different CoF as found in this study and both
keeled and pegged cemented components. As these FE models are frequently used
for design validation, separate analyses with a full bonding and a CoF at the inter-
face between glenoid component and bone cement should be performed, for a more
realistic design validation.
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Figure 9.6: Maximal principal stresses (MPa) in the bone cement (left) and glenoid
component as analysed using the FE model for different interface conditions, with a 725
N joint compression force and a 350 N superior directed joint subluxation force. (a) A
CoF of 0 is applied at the UHMWPE - PMMA interface. (b) A CoF of 1 is applied at the
UHMWPE - PMMA interface. (c) A full bonding is applied at the UHMWPE - PMMA
interface. See Figure C.5 in Appendix C for color representations
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Figure 9.7: Maximal displacement (mm) in medial-lateral direction in the bone cement
(left) and glenoid component as analysed in the FE model for different interface conditions,
with a 725 N joint compression force and a 350 N superior directed joint subluxation force.
(a) A CoF of 0 is applied at the UHMWPE - PMMA interface. (b) A CoF of 1 is applied
at the UHMWPE - PMMA interface. (c) A full bonding is applied at the UHMWPE -
PMMA interface. See Figure C.6 in Appendix C for color representations
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Figure 9.8: Effect of interface conditions on the maximal principal stresses in the glenoid
component, bone cement and bone. R2 is the second order correlation coefficient

(a) (b)

Figure 9.9: Effect of interface conditions on the superior and inferior rim-displacements,
ds and di, respectively. (a) Superior and inferior rim-displacements. (b) Definition of the
superior and inferior rim-displacements. The positive (medial) direction is indicated.
∗ Results of a full bonding at the interface. R2 is the second order correlation coefficient



Chapter 10

A self-stabilizing shoulder
endo-prosthesis

A gymnast during his horizontal bar session,
demanding the impossible of shoulder stability
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10.1 Introduction

In Chapter 2, the pathological characteristics of glenohumeral joints with rheumatoid-
arthritis and Rotator Cuff (RC)-arthropathy have been described. These joints have
a deteriorated soft-tissue state, weakened bone properties and also excessive bone
deformations can occur. There is a lack of joint compression due to a weakened
or even torn Rotator Cuff (RC), leading to joint subluxation and instability, made
worse by glenoid cavity erosion. It was mentioned that no reliable treatment is
available at present, providing good joint stability and enough joint functionality to
perform most activities of daily living for the mentioned patient group.
The overview of prosthesis concepts as used in the past and present in Chapter 2,
demonstrates the design conflict between glenohumeral joint functionality and sta-
bility versus component fixation.
Joint stability in artificial joints with severe joint pathology is achieved by restrain-
ing the humeral head as it tends to subluxate. For example, standing up from a
chair, with full assistance of the arm rests, leads to a subluxation force of at least 0.5
times body weight (BW) for each glenohumeral joint. In the case that no natural
stability function is present, the components must pick up all subluxation forces,
which are then distributed over their fixation. Two examples are the constrained
glenoid component and the reversed prostheses, which both show complications with
respect to long-term component fixation (see Chapter 2). The failure mechanism
which causes the early component loosening, may be the excessive bending and shear
stresses at the screw or bone ingrowth fixation. This is even more pronounced in
the weakened rheumatoid bone.
On the other hand, using a conventional, unconstrained glenoid component may
show better survival rates, but leads to shoulder subluxation or even a dislocation,
as no natural stabilizers are present. Additionally, the decreased joint compression
in combination with the common superior oriented glenoid cavity results in more
eccentric glenoid component loading. This increases component wear and glenoid
component tilting, thereby fatiguing its fixation. This implies that, after all, early
component loosening can be expected (see Chapter 5).
A new prosthesis design must aim at proper joint stability and functionality, which
may not be at the expense of component fixation. The glenohumeral joint anatomy
and pathological state must form the basis for this new design. Furthermore, the
new design must fulfill a set of requirements with respect to available space and
biomechanics of the shoulder, joint range of motion, implantation, fixation strength,
material biocompatibility and certification.
The aim of this study is to develop a glenohumeral joint prosthesis, which must
regain joint functionality without the necessity of anatomical stabilizing structures.
In addition, the survival rates must be better than presently used prostheses for
patients with rheumatoid-arthritis and RC arthropathy. The design must be ’self-
stabilizing’, which implies that any destabilizing forces at the glenohumeral joint
must be counteracted for by the prosthesis components and their fixation only.
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The result of the study is a methodological description of principles of the new de-
sign. Although preliminary component fixation has been investigated, no prototype
of the complete design has been manufactured and also no detailed design validation
was performed.
Subsequently, the design requirements, biomechanical background, design descrip-
tion, component fixation and spin off will be presented in this chapter.

10.2 Design requirements

Next to the main goal of a joint replacement, which is pain relief, the new prosthesis
design must fulfill a list of requirements before it can be regarded as a design concept,
which can be innovative. The requirements are summarized in Table 10.2.

1. Joint stability

The design must be so-called ’self-stabilizing’. This implies that, next to guar-
anteeing force equilibrium, it must provide glenohumeral stability without using
surrounding anatomical stabilizing soft-tissues, such as muscles and ligaments. Ec-
centric forces, such as external subluxation forces, must be counteracted by the
prosthesis itself, to control the glenohumeral joint reaction force. Forces can only
be distributed into the lateral scapula and proximal humerus.

2. Joint range of motion

The new design must allow for sufficient range of motion (RoM) to at least per-
form all ADL. An overview of the RoM requirements is given by Magermans et
al. (2004) [186] (see Table 10.1). These data have been obtained by measuring 24
healthy subjects, who performed six activities of daily living. These six activities
were selected based on their importance for independent living. The provided an-
gles in Table 10.1 relate the orientation of the humerus to the fixed world. In other
words, they include scapulo-thoracic motion, that is contribution of scapular rota-
tion about the thorax (see Section 2.3). Unfortunately, unambiguous ratios of the
scapulo-humeral rhythm for healthy shoulders are unknown, not to mention in the
case of shoulder pathology. In pathologic shoulders, the scapulo-thoracic motion can
be even more pronounced, as this is relatively unaffected, compared to glenohumeral
articulation.
Assuming the most unfavorable ratio as found in literature of 1:2 (scapulo thoracic
medial-lateral rotation : glenohumeral abduction) [251] in combination with a RoM
of the artificial shoulder as described in Table 10.1, the new prosthesis design should
allow the replaced shoulder to fulfill the abduction and adduction requirements.
In this study, only scapular medial-lateral rotation is taken into account, which in-
fluences glenohumeral abduction and adduction and is included when setting the
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RoM requirements for the new prosthesis design. Scapular retraction and protrac-
tion, which is scapular rotation about a superior-inferior axis, thereby influencing
glenohumeral flexion, is not taken into account in the requirements, as this contri-
bution is much smaller [251].
As a result, the new prosthesis design must meet the requirements with respect to
the three rotational degrees of freedom, divided in positive and negative directions,
as given in column 5 of Table 10.1.

Table 10.1: Range of motion requirements for a new shoulder prosthesis design. The three
rotational degrees of freedom of the glenohumeral joint are measured during six activities
of daily living of 24 healthy subjects [186]. ∗ Humerus angle between the longitudinal
axis of the humerus and the thorax (the global coordinate system). ∗∗ Angle between the
longitudinal axis of the humerus and the scapula in the artificial joint. ∗∗∗ Washing the
opposite axilla

ADL task Main Maximal Mean angle∗ Design require-
movement angle∗ (◦) (SD) (◦) ment∗∗ (◦)

Reaching Abduction 148.3 131.7 (10.4) 99
Washing∗∗∗ Adduction 90.1 54.3 (18.7) 60

Combing hair External rotation 71.2 55.4 (18.5) 71
Perineal care Internal rotation 90.5 65.6 (14.8) 90
Lifting a bag Forward flexion 148.0 131.3 (9.5) 148

Eat with spoon Retro flexion 65.7 50.5 (8.1) 66

3. Joint biomechanics

Main biomechanical characteristics of the glenohumeral joint may not be altered.
An example is the glenohumeral center of rotation (CoR), which, among others,
determines the muscle moment arms. Muscle moment arms may not decrease, as it
leads to increased muscle and joint reaction forces, which require increased effort of
the patient and may lead to early component loosening. This must be taken into
account in the design and during implantation of the components.
Additionally, it must be respected that there is still a discussion going on whether the
CoR during glenohumeral motion is fixed or not (see Section 2.3). Rigid fixation of
the CoR may lead to high interface stresses during articulation, due to the enforced,
though little, humeral head translations. A certain flexibility of the CoR during
articulation must be allowed for, although this is difficult to quantify.

4. Component fixation strength

The fixation of the new prosthesis design must fulfill fatigue and static strength re-
quirements. Unfortunately, a detailed 24-hour shoulder load spectrum is not avail-
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able, which makes it difficult to investigate the stresses in both biological and bio-
materials and to validate component fixation [237]. However, the fixation of the
new prosthesis design must allow for performing ADL for at least 10 to 15 years,
to outperform presently used shoulder prostheses. Taking horizontal abduction as
the basis shoulder movement, then the corresponding joint loading is 725 N joint
compression and 350 N joint subluxation in a healthy shoulder, as calculated using
a musculoskeletal model [108]. However, in the case of severe pathologic state of the
joints of the target patient groups, especially of the RC muscles, the joint compres-
sion force is assumed to be absent.
Assuming multiple joint movements per day, the total number of joint loadings
during the prosthesis life time may exceed 500.000 cycles (100 cycles/day x 365
days/year x 15 years). The fixation of the new prosthesis design must be able
to pick up the given subluxation force to guarantee force equilibrium for at least
500.000 cycles. Therefore, fatigue tests of the prosthesis and its fixation should at
least survive 500.000 load cycles with subluxation force of 350 N .
The prosthesis design may also have to deal with peak forces, in the case of more
demanding tasks but also due to a fall or bump. For setting the static strength re-
quirements, the maximal occurring force in the prosthesis lifespan must be known.
The prosthesis and its fixation must be able to deal with this force because perma-
nent damage is not allowed. However, it is unfeasible to develop a prosthesis which
must be able to undergo every possible occurring force.
In addition, the fixation strength should be just smaller than the strength of the
underlying bone structure. If a fracture in the artificial joint may occur, then it is
the fixation which is the weakest link and not the bone structure itself. A fracture
of the already weakened bone structure may be impossible to repair, whereas it may
be easier to replace a prosthetic component by surgical intervention.
In other areas of product design, where serious consequences may occur if product
functions start to fail, a distribution of probability of occurring peak forces is used.
The product must survive a peak force with a probability of an aforehand set per-
centage, often multiplied by a certain safety factor. A fall, which in the life of the
prosthesis should never occur, but it could happen, may be used as a basis for static
strength calculation. It is known that joints may undergo forces of several times
body weight (BW) during falling, but accurate data for the shoulder are not avail-
able. As a result, this loading condition is difficult to use for strength requirements.
To guarantee force equilibrium with the new glenohumeral prosthesis design, the
major forces, which must be counteracted, are the subluxation forces. Using simple
static equilibrium equations, the forces when pressing up from a chair can be cal-
culated and will be used to set the static requirements for the new design. Slowly
pressing up from a chair leads to a superior directed subluxation force Fs of at least
0.5 times BW on each shoulder joint, which has to be counteracted by the new
prosthesis. This can be seen as a high demanding task for the target patient group,
which will be done very infrequently, if at all.
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A safety factor will be added for three reasons. First, because it will be difficult to
evenly distribute the body weight over the two shoulders, leading to higher static
subluxation forces in one of the shoulders, up to a maximum of 1 times BW, which
implies a safety factor of 2. Second, because it is not a static but a dynamic move-
ment, which leads to increased instantaneous subluxation forces, which must be
taken into account. Finally, because material, surgical and other unforeseen short-
comings lead to uncertainty and may not be overlooked. If all three factors, i.e.
the uncertainty of the force distribution over both shoulders, dynamic aspects and
remaining factors, such as material, surgical and other factors, contribute to the
uncertainty by a factor 1.25, the total safety factor is 4 (1.253 ·2). This safety factor
is added to the subluxation force of 0.5 times BW, which requires the prosthesis and
its fixation to at least pick up a subluxation force of 2 times BW.

5. Prosthesis implantation

The prosthetic components must allow for conventional surgery, without additional
effort as compared to presently used prostheses. The surgical process as described
in Section 2.4.3, should be respected. Further limitations are the difficult exposure
of the glenoid bone stock, which is only visible and approachable from the lateral
side, and the limited surgical working space.

6. Materials and components

All prosthetic components should be made out of certified biocompatible materials.
Also, if possible, ’of-the-shelf’ certified prosthetic components and parts, which are
commercially available, should be used in the new design. Both requirements speed
up the innovation process.

7. Dimensions and environment of the prosthetic system

The prosthesis is to be inserted into the anatomical glenohumeral joint, with lim-
ited space, specific geometry and dimensions. The surrounding soft-tissues, such as
muscles and nerves, should be respected and their function must be preserved. The
components must allow for easy insertion and during articulation, no joint impinge-
ment or blocking of nerves and muscles may occur.

10.3 The design

10.3.1 Restoring joint stability

The new prosthesis design is meant to improve glenohumeral joint stability for
rheumatoid joints and in the case of Rotator Cuff (RC) pathology. In these joints,
stability is decreased due to both decreased joint compression Fz and glenoid ero-
sion, in the case the disease is present for a longer period. Glenoid cavity reaming
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Table 10.2: Summary of the requirements for a self-stabilizing prosthesis

Design aspect Requirement Remark
Joint The new prosthesis design must Only the lateral scapula and

stability ensure joint stability without using proximal humerus can be
stabilizing anatomical structures used for force distribution

Joint range The new prosthesis design must Glenohumeral joint angles
of motion allow for enough range of are listed in Table 10.1

motion to perform ADL
Joint Joint biomechanics and Especially the center of

biomechanics kinematics may not be altered rotation may not be changed
Component The prosthesis and its fixation must This is based on lifting

fixation be able to pick up a subluxation from a chair, without help,
strength force of at least 2 times BW and a safety factor of 4

Prosthesis Conventional surgery Glenoid cavity is only approach-
implantation must be possible able from the lateral side
Materials and Materials must be bio- If possible, commercially avail-
components compatible and certified. able components should be used
Dimensions Components must fit into the gleno- See Tables 2.1 and 2.2 for

and humeral joint, without causing impinge- detailed dimensions of
environment ment at rest and during articulation the glenohumeral joint

may improve glenohumeral stability by increasing the glenoid constraint angle θ,
although this may be difficult to realize in the case of excessive joint pathology. It
is probably more interesting to focus on the initial anatomical defect, which caused
the instability and to integrate the lost stability function in the new design. This
was the basic idea for the development of the new self-stabilizing prosthesis.
Shear forces in the glenohumeral joint, such as subluxation forces Fs, are in healthy
joints compensated for by a joint compression force Fz due to muscle activity and
ligaments. Increased joint compression decreases the joint contact angle ϕ1 (see
Figure 10.1b). This makes creating force equilibrium more easy and improves joint
stability. Additionally, those ligaments, which become stressed due to the sub-
luxation force, create an opposite directed, counteracting force, which leads to an
additional decrease of the joint contact angle ϕ1 (see Figure 10.1c). As a result, this
furthermore increases the improvement joint stability.
The lack of these joint stabilizing forces due to RC and ligament deficiencies, in-
crease the off-center forces and, as a result, restoring these forces improves joint
stability. Therefore, the biomechanical aim of the new design is to restore joint
compression and to introduce a force opposite to the occurring subluxation force.
This biomechanical design aim is presented in Figure 10.1c.
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Figure 10.1: Biomechanical design background of the self-stabilizing glenohumeral pros-
thesis for rheumatoid joints and in the case of RC arthropathy. As an example, a superior
directed subluxation force Fs is used, but a similar explanation can be done by subluxa-
tion forces in other directions. (a) Inserting a conventional glenohumeral prosthesis in
pathological joints may result in large off-center forces, indicated by a large ϕ1 and large
humeral head translations dy, as a result of small joint compression Fz. (b) Increasing
the joint compression by a force ∆Fz decreases force eccentricity by decreasing ϕ1. This
makes realization of force equilibrium more easy, improves joint stability and decreases
humeral head translations dy. (c) If a force equal to the joint compression force Fz + ∆Fz

can be positioned under an angle ς with respect to the z-axis, the results, with respect to
force eccentricity and humeral head translations is better, also leading to an increase of
improved joint stability

Stability by artificial ligaments

In the natural joint, stability is generated by muscles and ligaments. Making use of
similar like structures in the new design, in other words artificial ligaments, is the
first idea to investigate. In this context, the artificial ligaments must not be seen
as a replacement of the anatomical ligaments, as the new ligaments more act as a
method of fixation of the new components. A prosthesis design, which restores joint
stability, allows for enough range of motion and which is fixed by artificial ligaments,
without shear and bending stresses at their fixation, is the basis for the development
of the new design concept.
When using a conventional humeral head replacement, with a rigidly fixed humeral
head component at the proximal humerus, these ligaments must be fixed in such a
way that three rotational degrees of freedom allow for enough range of motion to
meet the requirements. This asks for either intelligent positioning of the ligaments
or an energy free system with spring like structures, so that in every position the
total energy in the system is constant [109]. Using this method, a constant joint
compression is available, while joint RoM still is possible without input of energy.
As both methods require the highest accurate surgery and thorough investigation
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(a) (b) (c)

Figure 10.2: Overview of the self-stabilizing glenohumeral prosthesis. (a) The bipolar
prosthesis on component level. 1. Constraining disc 2. CoCr head for the inner bearing 3.
UHMWPE disc for articulation 4. Nuts, for fixation of the artificial ligaments to the outer
shell 5. Outer shell, fixed against the glenoid bone stock 6. Artificial ligaments 7. Bone
anchors (b) The assembled prosthesis. (c) Artist impression of the replaced glenohumeral
joint. See Figure C.7 in Appendix C for color representations

of the anatomy of the individual patient, this method is difficult to use in practice.
However, the conventional humeral head replacement, which is supposed to be di-
rectly connected to the scapula by artificial ligaments, can be replaced by a bipolar
prosthesis. This is a commercially available prosthesis as described in Chapter 2,
with a CoCr outer shell, a constrained Ultra-High-Molecular-Weight-Polyethylene
(UHMWPE) inlay and a small CoCr ball component, fixed to the proximal humerus
and articulating against the UHMWPE inlay. The idea is to fixate the outer shell
to the glenoid cavity using artificial ligaments, which are fixed at the medial cortex
of the glenoid bone stock. The new articulation is created by the small head inside
this outer shell of the bipolar prosthesis.

Method of principles of the new design

The presented design concept includes a bipolar humeral head replacement, of which
the outer shell is semi-rigidly connected to the glenoid bone stock by 3 or 4 artificial
ligaments (see Figure 10.2). From the outer shell, they diverge towards the glenoid
bone stock. Guided by drilled openings, these ligaments go subsequently through
the subchondral, trabecular and medial cortex of the glenoid bone, at which the
ligaments will be fixed. In general, the medial cortex of the glenoid bone stock still
has good mechanical bone properties, as this is away from the diseased joint. After
the outer shell is positioned against the lateral glenoid cavity, the ligaments are fixed
on the inner side of this shell, whereafter the prosthesis can be assembled.
Two methods of fixation of the artificial ligaments against the medial cortex of the
glenoid bone are developed, keeping in mind the requirements of prothesis implan-
tation (see Table 10.2). The first method is to use bone anchors with a limited



A self-stabilizing shoulder endo-prosthesis 171

(a) (b) (c)

Figure 10.3: The bone anchors and method of unfolding. (a) The bone anchor during
its unfolding procedure. (b) Folded and unfolded bone anchors, with maximal diameters of
4.5 and 12 mm, respectively. (c) Unfolded bone anchor in position at the medial cortex of
the glenoid bone stock

initial diameter to be guided through the drilled bone hole. As the bone anchors
come out of the medial cortex of the glenoid bone stock, they can be unfolded (see
Figure 10.3b). If the ligaments become loaded, the unfolded bone anchors cannot be
pulled back through the glenoid bone stock, as they are prevented by their increased
diameter (see Figure 10.3c). The tensile forces in the ligaments are distributed by
the bone anchors into the medial glenoid cortex of the glenoid bone stock.

A second method is to make use of ligaments with a clamped ball at their me-
dial end. The ligaments are positioned in hollow screws, with the balls fitting in
a concavity at the medial end of these hollow screws. The hollow screws are sub-
sequently tightened through the subchondral, trabecular and medial cortex of the
glenoid bone. These screws set themselves into the probably healthy medial trabec-
ular and cortical bone of the medial glenoid bone stock. If the ligaments are loaded,
the clamped balls are constrained by the hollow screws, preventing the ligaments to
be pulled back through the glenoid bone stock. The tensile forces in the ligament
are distributed by the hollow screws over all their screw thread into the cortical and
trabecular bone (see Figures 10.4a and b). As the clamped balls at the ligaments
can rotate in the medial concavity of the hollow screws, they minimize bending of
the screw fixation in the case of humeral translations.
When all three or four ligaments are inserted, the outer shell of the bipolar head can
be fixed at their other end. As the humeral head tends to subluxate in any direction,
the ligaments become loaded. Then, either the bone anchors are pulled against the
medial cortex of the glenoid bone, or the balls at the medial ligaments are pulled into
the hollow screws, which distribute the forces into the medial cortex and trabecular
bone of the glenoid bone stock. As a result, they prevent the humeral head from
further translating out of the glenoid cavity. Both joint compression and the force
opposite to the acting subluxation force will increase, due to ligament orientation
and the coupled translations between humeral head translations in the lateral and
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(a) (b)

Figure 10.4: Method of fixation by using a hollow screw and a ligament with an attached
ball at the medial end. (a) The fixation system during insertion. (b) The assembled fixation
system

an arbitrary perpendicular direction (see equation 4.8 in Chapter 4). The ligaments
are free to rotate about either the bone anchor or the hollow screw, thereby mini-
mizing bending stresses around the fixation.
The outer shell of the bipolar prosthesis is fixed against the scapula and the inner
bearing is supposed to form the new articulation and should allow for enough joint
functionality to fulfill the RoM requirements. As this design allows for small trans-
lations of the humeral head relative to the glenoid cavity, it should not be mixed up
with the ’constrained glenoid components’, as used in the past.
The surgical procedure is presented in Figures 10.5a through f. After opening the
joint to obtain a clear exposure of the glenoid cavity, the 3 or 4 holes can be drilled.
In the case of using bone anchors, the diameter of the drilled holes is 4.5 mm, for the
hollow screw fixation this diameter can even be smaller. These drilled holes allow for
guiding the ligaments and their fixation mechanism through the medial cortex of the
glenoid bone stock. A spherical shaped drilling mould with equal radius of curvature
as the final bipolar head can be positioned in the preferred orientation and allows
for accurate and easy drilling (see Figure 10.5a). Then, the ligaments are placed
through the drilled openings (Figures 10.5b). If using bone anchors for ligament
fixation, they can now be unfolded using special equipment (see Figure 10.3a). If
using ligament fixation with the clamped balls, the hollow screw can be inserted up
to the medial cortex of the glenoid bone stock (see Figure 10.4b). Using either one
of these fixation techniques, requires only a lateral approach and lateral exposure
of the glenoid bone stock. After preparing the ligaments, the shell can be placed
over the ligaments against the glenoid cavity (Figures 10.5c). The lateral end of the
ligaments are fixed by nuts, which fit inside the lateral outer shell (Figure 10.5d).
The ligaments are not pre-tensioned, as this may lead to problems associated with
bone remodelling and material creep. A minimal pre-adjusted torque is applied
on the nuts, which allows for a compromis between both proper orientation of the
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bipolar prosthesis and small translations of the humerus. Then, the bipolar pros-
thesis can be assembled and connected to the humeral stem (Figure 10.5e). As soon
as the ligaments become loaded, they prevent the replaced humerus from further
translations, which leads to force equilibrium and joint stability (Figure 10.5f).

(a) (b) (c)

(d) (e) (f)

Figure 10.5: Main steps of the surgical procedure. (a) Guided drilling, from lateral
through the glenoid medial cortex. (b) Lateral insertion and unfolding of the bone anchors.
(c) Positioning of the prosthetic outer shell over the ligaments. (d) Fixing the ligaments
using nuts and special surgical instrumentation. (e) Assembling the bipolar prosthesis. (f)
The self-stabilizing prosthesis at work as the replaced glenohumeral joint. See Figure C.8
in Appendix C for color representations

10.4 The design in detail

10.4.1 Orientation of the ligaments

Ligament orientation influences ligament forces, stresses at the fixation and humeral
head translations. Ligament orientation is limited by dimensions of the glenoid
cavity and the prosthetic components. The dimensions of the glenoid cavity, such as
the superior-inferior chord length (cg), determine the position and orientation of the
drilled holes. Their virtual point of intersection with respect to the CoR influences
the kinematic behaviour of the humeral head and the stresses of the ligaments (see
Figure 10.6). Depending on the location of the virtual point of intersection with
respect to the CoR, a superior directed subluxation force Fs will lead to:
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• Upward rotation of the humeral head and an increase of (especially inferior)
ligament stresses, if the virtual point of intersection is located medial to the
CoR (see Figure 10.6d),

• No rotation of the humeral head and minimal ligament stresses, if the virtual
point of intersection coincides with the CoR (see Figure 10.6e),

• Downward rotation of the humeral head and an increase of (especially superior)
ligament stresses, if the virtual point of intersection is located lateral to the
CoR (see Figure 10.6f).

(a) (b) (c)

(d) (e) (f)

Figure 10.6: Schematic representation of the effect of location of the virtual point of
intersection of the ligaments with respect to the CoR on the kinematic behaviour of the
bipolar humeral head. The humerus is fixed at horizontal abduction and ligament angle
ς is kept constant. (a), (b), (c) The virtual point of intersection is medial to the CoR,
coincides with the CoR and is lateral to the CoR, respectively. (d), (e), (f) A superior
directed subluxation force Fs will cause an upward rotation, no rotation and downward
rotation of the bipolar prosthesis, respectively
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10.4.2 Ligament forces

The ligaments must counteract the enforced subluxation forces, to guarantee force
equilibrium. If a certain force eccentricity ϕ1 is allowed and ligament orientation
ς is known, the ligament force Fl and the joint contact force Fc can be calculated
using static equilibrium in a two-dimensional rigid-body model (see Figure 10.7).
Assuming that only the artificial ligaments opposite to the subluxation force are the
counteracting forces and that two ligaments are counteracting, static force equilib-
rium in the y-direction requires:

∑
F ↑: 0 = Fs − Fc · sinϕ1 − 2 · Fl · sinς (10.1)

and in the z-direction:

∑
F→ : 0 = Fc · cosϕ1 − 2 · Fl · cosς (10.2)

Solving for the ligament forces Fl and joint contact force Fc gives:

Fl =
Fs

2(cosς · tanϕ1 + sinς)
and Fc =

Fs · cosς
(cosς · sinϕ1 + sinς · cosϕ1)

(10.3)

With equation 10.3, the ligament forces Fl and joint contact force Fc can be cal-
culated, for given ligament orientation ς, the applied external subluxation force Fs

and allowed force eccentricity ϕ1. For example, assuming ligament angles ς of 15◦,
a superior directed subluxation Fs of 1 times BW and a force eccentricity ϕ1 of 20◦,
gives a ligament force Fl of 0.82 times BW and a joint contact force Fc of 1.68 times
BW. The result is a joint compression force Fz of 2Flcosς=1.58 times BW and a
superior directed subluxation force Fy of Fs - 2Flsinς=0.58 times BW, due to the
downward orientation of the tensioned ligaments (see Figure 10.7).

10.4.3 Bone anchor and ligament stresses

To investigate the stresses in the bone anchors and underlying bone, two Finite Ele-
ment (FE) analyses have been performed. The geometry of the models are based on
a rectangular trabecular bone block with a layer of cortical bone on top, at which the
bone anchors and ligaments are connected (see Figure 10.8. A first analysis includes
a schematic bone anchor, with a simplified cross-shaped flat surface, and a ligament,
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Figure 10.7: Schematic overview of the self-stabilizing artificial shoulder joint

at which a tensile force has been applied of 240 N (in the double symmetric model
60 N). The model is built up with 6335 10-noded tetraeders, with an elastic mod-
ulus E of the trabecular bone, cortical bone and CoCr (bone anchor and ligament)
of 0.5, 15 and 210 GPa respectively, and all materials have a Poisson’s ratio ν of
0.3. The posterior and inferior sides are unconstrained, the planes of symmetry are
constrained in both normal directions and the lateral side is clamped. The model is
analysed by MSC/Marc (2003). As a result of the applied loading, the Von Mises
stresses in the bone anchors are just below 400 MPa, which is far below the yield
strength of CoCr and the maximal principal stresses in the cortical and trabecular
bone are in the order of -30 and -5 MPa, respectively (see Figure 10.9a).
A second analysis investigated a schematic model of the self-stabilizing design, in-
cluding the outer shell of the bipolar prosthesis. The outer shell is connected to the
glenoid cavity by artificial ligaments, which are fixed to this outer shell by nuts and
to the medial glenoid by a similar bone anchor as in the first analysis. A subluxation
force Fy of 350 N in superior direction has been applied at top of the outer shell (in
the symmetric model 175 N). The model is built up with 28430 10-noded tetraed-
ers, with similar material properties as in the first analysis. All translations are
restricted at the medial surface and the planes of symmetry are constrained in both
normal directions. As a result of the applied loading, again the Von Mises stresses
just are below 400 MPa and the maximal principal stresses in the cortical and tra-
becular bone are in the order of -30 and -5 MPa, respectively (see Figure 10.9b).
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Figure 10.8: (a) Model for the FE analysis to investigate the stresses in the bone anchor,
ligaments and underlying bone. (b) Model for the FE analysis including the bipolar head
to investigate the stresses in the bone anchor, ligaments, underlying bone and outer shell.
See Figure C.10 in Appendix C for color representations

10.5 Summary of the design description and re-

flection to the requirements

• The presented design creates glenohumeral stability, without making use of
surrounding anatomical stabilizing structures. This is achieved by using a
bipolar prosthesis, of which the outer shell is semi-rigidly connected to the
medial cortex of the glenoid bone stock by artificial ligaments. As a subluxa-
tion force causes excessive humeral translations, the ligaments become loaded
and prevent the bipolar humeral head from further translating out of the gle-
noid cavity (requirement 1).

• The bipolar prosthesis is dimensioned and oriented to allow for enough range
of motion to perform all activities of daily living (requirement 2).

• Additionally, the positioning and dimensions of the bipolar prosthesis are cho-
sen to not change the position of the center of rotation (CoR) of the natural
glenohumeral joint (requirement 3).

• The artificial ligaments are constrained at the medial cortex of the glenoid, for
which two methods ar proposed. The first method is to unfold the flaps of bone
anchors, which makes their diameter larger then the drilled holes, preventing
the ligaments to be pulled back. The second method is to insert an artificial
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Figure 10.9: (a) Maximal principal stresses (MPa) in the bone structure, bone anchors
and ligament of a simplified structure of the fixation system of the new prosthesis. The
ligament is loaded by a 240 N tensile force. (b) Maximal principal stresses (MPa) in
the bone structure, fixation system and outer shell of the new prosthesis, which is loaded
by a 350 N subluxation in superior direction See Figure C.10 in Appendix C for color
representations

ligament, with a clamped ball at the medial end, whereafter a hollow screw
prevents the ligament with the clamped ball to be pulled back. No bending
stresses will occur when using these methods of fixation. In addition, the semi-
rigidly fixation with the artificial ligaments allow for a certain flexibility of the
CoR during articulation, to minimize ligament stresses (requirement 4).

• By using a bipolar prosthesis and components made out of biocompatible
materials, the process of clinical acceptance with respect to certification is
made easier (requirement 5).

• Conventional surgical techniques should be sufficient for implantation of the
prosthetic components. Next to joint preparation, only drilling using a drilling
guide is needed for ligament insertion. Easy surgical instrumentation is needed
for bone anchor unfolding or hollow screw insertion. The presented method
of fixation of the artificial ligaments allows for an easy lateral approach of the
glenoid cavity (requirement 6).

• As a commercially available bipolar prosthesis is used, prosthesis dimensions
are guaranteed. Although bone anchor unfolding requires a height of 5 to 6
mm, the unfolded bone anchors are very superficial with a height of less than
4 mm. However, the method of fixation with the hollow screw does not require
any space medial to the glenoid cortex (requirement 7).
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10.6 Challenges

This study aimed at the development of a new prosthesis, which must function
without the anatomical stabilizing structures and prosthesis survival rates must be
better than presently used prosthesis systems for the target patient group. A con-
ceptually new design has been developed, which seems promising with respect to
the described requirements. However, much research remains to be done before the
design can be regarded as an innovation.
First, some technical aspects need to be investigated and improved in more detail.
Especially the method of ligament fixation using the bone anchors must be improved,
as the fatigue properties are still unsatisfactory. Both the applied materials and de-
sign details must be improved and validated by FE and experimental techniques.
After it is demonstrated that the technical validation meets all requirements, the
prototype should be used to demonstrate the feasibility of implantation of the de-
sign into a cadaveric shoulder by an experienced surgeon. If this is successful, the
effectiveness of the design must be looked at, in other words, does the design really
improve joint stability for the target patient group? A good method may be to sub-
sequently investigate glenohumeral joint stability of a cadaveric, intact anatomical
glenohumeral joint, then of the same joint without the RC muscles and ligaments
and, finally, after inserting the new self-stabilizing design. If the results are still
promising, animal test must demonstrate the functionality in an in-vivo and dy-
namic environment.

10.7 Spin-off applications

The presented conceptually new design has been developed specifically for the gleno-
humeral joint, but interesting spin-off applications are foreseen. An example where
the presented fixation system can be an outcome, is in the case of fracture surgery.
A proximal humerus fracture commonly consists of a fractured head and fractured
greater tuberosities (see Figure 10.10a). The presently used treatment solution is to
insert a hemi-arthroplasty and to fix the fractured tuberosities by suturing (see Fig-
ure 10.10b). Unfortunately, good primary fixation of the two tuberosities is difficult
to achieve, leading to complications with good bone healing and long-term fixation
of the bone pieces. An improved treatment solution must be found.
The described fixation method for the self-stabilizing prosthesis can be used for pri-
mary fixation of the bone pieces. After inserting the humeral stem, holes through
the two fractured tuberosities can be drilled and the artificial ligaments can be in-
serted. The two described methods of ligament fixation can be used, which only
require a single sided surgical approach. Additionally, by using accurate alignment
tools, holes in the fins of presently used humeral stems can be used to better fix the
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fractured bone pieces (see Figure 10.10c). Not only for the humerus fractures this
may be an improvement, but also in the case of femoral fractures in the knee joint
or ligament fixation at locations which are difficult to expose. Additionally, the two
presented methods of ligament fixation can be applied when using minimal invasive
surgical techniques.
These spin-off applications have not yet been investigated. In the case of primary
fixation of bone pieces after humerus fractures, the design and surgical process as
well as the static and fatigue strength must be validated. The possibility to make
use of the fin of the humeral stem should be investigated, as this may result in
improved fixation strength.

(a) (b) (c)

Figure 10.10: The proximal humerus fracture and its treatment. (a) A proximal humerus
fracture commonly consists of a fractured head, the two fractured tuberosities and the
remaining humerus. (b) At present, the fractured bone pieces are sutured to create a
primary fixation, which is not always successful and good bone ingrowth can not always
be achieved. (c) The presented fixation system can be used for improved primary fixation
after surgery

10.8 Conclusions

The aim of the study was to develop a new glenohumeral prosthesis design, which
must provide joint stability and proper joint functionality without the presence of
anatomical stabilizing structures. It must show survival rates better than presently
used systems for patients with glenohumeral joints, suffering from rheumatoid-
arthritis or RC arthropathy.
A design is presented, existing of a bipolar humeral prosthesis, of which the outer
shell is semi-rigidly positioned against the glenoid cavity. This is achieved by liga-
ments, which are fixed at the medial glenoid bone, by bone anchors or hollow screws.
The fixation of the ligaments, for which only a lateral approach is sufficient, results
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in pure compression and tensile forces. This improves long-term fixation of the
prosthetic components. As the bipolar humeral head tends to translate out of the
glenoid cavity, the ligaments undergo tensile forces, thereby preventing the humeral
head from further translating out of the glenoid cavity. Implanting the presented
design in rheumatoid glenohumeral joints or shoulders with RC arthropathy seems
promising in terms of reconstruction of shoulder functionality and long-term com-
ponent fixation.
Spin-off applications of the presented fixation technique are foreseen, especially
around locations which are difficult to approach. Treatment of humeral fractures
and ligament fixation are just two examples.
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11.1 Accomplishments

The goal of the present work was to improve the design of the glenohumeral pros-
thesis, by investigating improvements of the presently used prosthesis designs and
to explore conceptually new designs, especially for those patients, for whom a long-
term reliable artificial joint, providing enough joint functionality, is not available at
present.
After a thorough literature search and personal communications with several ortho-
pedic surgeons, the main shortcomings of presently used glenohumeral prosthetic
replacements became clear, as well as the unavailability of a reliable replacement for
the rheumatoid shoulder and in the case of Rotator Cuff arthropathy. Long lasting
component fixation seemed one of the main complications and should receive much
attention in the case of conventional glenoid components. For rheumatoid shoul-
ders and shoulders suffering from Rotator Cuff arthropathy, the very unfavorable
combination of weakened bone materials and weakened or even severely damaged
surrounding soft-tissues seems to be the reason for the bad performance of the
presently used glenohumeral replacement systems.
The relationship between different geometrical design parameters, such as constraint
angle and joint conformity, was investigated using an analytical approach in a rigid-
body environment of the concave glenoid cavity and convex humeral head. A po-
tential field was introduced and the translational stiffness was used to investigate
the effect of the radius of curvature of both the glenoid and humeral head compo-
nent on humeral head translations and joint stability. The interactions between the
design parameters became clear and the translational stiffness seemed to be a good
predictor for the joint stability, being positive and negative in the case of stable
and unstable articulation, respectively. From this study, it was also concluded that
parameters such as joint conformity and glenoid inclination affect glenoid compo-
nent loading and thereby also glenoid component fixation. The obtained relations
between the humeral head and glenoid cavity as well as the stability criteria can be
used for future modelling and optimization of shoulder prosthesis components.
To investigate the effect of geometrical parameters in more detail, a new experi-
mental method was developed, in which glenoid component loading and humeral
head translations were the result of known applied forces. This method seemed an
improvement over presently used methods, in which humeral head translations form
the basis for glenoid component loading. In a ball-in-socket joint, such as the gleno-
humeral joint, this is incorrect, as during normal articulation no joint translations
will occur.
Using this novel experimental method, the effect of joint conformity and glenoid
inclination on glenoid component tilting was investigated. Glenoid component tilt-
ing is defined as the rotation of the glenoid component due to superior and inferior
rim-displacements of the glenoid component under off-center forces and is directly
related to fatigue stresses at the fixation interface. Glenohumeral conformity deter-
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mines humeral head translations and also the point of contact at the glenoid articular
surface, when adjusting the glenoid component radius of curvature. It was found
that increased articular conformity is beneficial with respect to glenoid component
tilting in the case of a tendency to superior glenohumeral subluxation. This was
also reflected in the residual strength of the cemented components, as was found by
shear out testing. If accurate surgery is possible, an almost conform articulation is
preferable with respect to glenoid component tilting, humeral head translations and
glenoid component wear.
Glenoid inclination, influenced by both patient and surgical factors, relates to how
much the glenoid component articular surface is facing upward (positive inclination)
or downward (negative inclination). It directly determines force eccentricity and
thereby also glenoid component tilting. The effect of glenoid component inclination
on glenoid component tilting and humeral head subluxation has been validated and
it is found that, if possible, inserting a more downward facing glenoid is beneficial
for joint stability in superior direction. Additionally, a novel design is proposed, in
the case it is not possible to restore the glenoid inclination angle by surgical meth-
ods. Inserting a metal backed glenoid component with a linear increasing backing
thickness from inferior to superior restores glenoid inclination.
During the investigation of the effect of joint conformity and glenoid inclination by
experimental methods, it was found that no physical bonding was present between
the Ultra-High-Molecular-Weight-Polyethylene (UHMWPE) glenoid component and
the Polymethyl-Methacrylate (PMMA) bone cement. As a result, glenoid compo-
nents are fixed by mechanical interlocking, rather than by adhesion. Keels, with
holes and grooves, or pegs are needed to achieve this, which require much bone
removal.
Two conclusions are drawn from these findings. First, adhered fixation of UHMWPE
glenoid components could be investigated to decrease the amount of unwanted bone
removal. Second, the method of connecting the UHMWPE glenoid component with
the PMMA cement layer in Finite Element models should be reconsidered, as this
is commonly done by a full-bonding of this interface.
To investigate the feasibility of adhered fixation of the UHMWPE glenoid compo-
nents in combination with the PMMA bone cement, UHMWPE surface modifica-
tion techniques were used. These surface modification techniques introduce oxide
groups at the UHMWPE surface, changing it into a polair material, with better
adhesion performance. It was found that after UV/Ozone, Corona or RF-Discharge
treatments, the wettability, surface energy and static interface shear strength of
UHMWPE single lap-joints increased significantly. A combined treatment of surface
roughening and RF-Discharge showed the best results, even demonstrating necking
of the UHMWPE single lap-joints. Subsequently, Methyl-Methacrylate (MMA) is
used as an adhesive and better results were obtained by performing the similar study.
It is demonstrated that the adhesion properties of UHMWPE can be improved con-
siderably.
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The second conclusion of the experiments regards the interface between the UHMWPE
glenoid component and the PMMA bone cement layer in FE modelling. Full bond-
ing of this interface might not always seem correct, as adhesion between UHMWPE
and PMMA is not always found. The difference when applying a full bonding at
this interface or using contact elements in combination with a coefficient of friction
(CoF) on the results of FE modelling has been investigated.
First, the static and dynamic CoF between UHMWPE and PMMA have been mea-
sured, in a dry and wet environment. A significant difference between the dry and
wet CoF was found and only a small difference between the static and dynamic
CoF. Additionally, it was found that the PMMA specimen surfaces were filled with
UHMWPE material after testing the dynamic CoF. These PMMA specimens were
also used to measure the static CoF in a dry and wet environment and a significant
difference was found with respect to the non-filled PMMA specimens.
Then, using the FE method, subsequently the six measured coefficients of friction,
additional coefficients of friction of 0.01, 0.1 and 1 as well as a full bonding were
applied at the interface between the UHMWPE component and the PMMA cement
layer to investigate their effect on the results of FE modelling. The FE model in
this study is derived from the structural geometry of the specimens as used in the
experiments, with similar loading conditions and constraints. It was found that both
maximal principal stresses and medial displacements of the bone substitute, cement
layer and glenoid component dramatically increased when a CoF was applied, with
respect to a full bonding at the interface. Although the results of the FE analy-
ses are only very little influenced by the value of the CoF, using contact elements
with a CoF at the UHMWPE-PMMA interface has a clear effect on the results in
FE-modelling. Future validation of new cemented prosthesis components by the FE
technique should be done both by a full-bonding as well as by using contact elements
with a CoF at the UHMWPE-PMMA interface.
Next to investigating the anatomical prostheses, a second research strategy focused
on the development of a conceptually new prosthesis design for rheumatoid patients
and patients suffering from RC arthropathy. The design must provide enough sta-
bility and RoM for performing the activities of daily living and component fixation
must outperform presently used systems for the target group.
The result is a design, which is based on the bipolar humeral head prosthesis. This
bipolar prosthesis is semi-rigidly fixed to the lateral scapula by metal ligaments and
allows for small humeral head translations. However, if humeral head translations
increase, the ligaments become tensioned and restrict the humeral head from fur-
ther translating out of the glenoid cavity. During the surgical procedure, the metal
ligaments are guided through the glenoid bone structure and are fixed to the medial
cortex of the glenoid. Two methods of ligament fixation are developed. The first
method is to use bone anchors at the medial end of the ligaments, with a small
initial diameter. After inserting them through the medial cortex, the bone anchors
can be unfolded and their increased diameter prevents the ligament to be pulled
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back through the glenoid bone stock. The second method is to use ligaments with
a small clamped ball at their medial end. After guiding them through the drilled
holes, a hollow screw placed over this ligament and is tightened through the glenoid
trabecular and cortical bone and again prevents the ligaments to be pulled back.
The implantation of the prosthesis including fixation of the ligaments to the medial
cortex only requires a lateral approach. Using special surgical equipment, the bone
anchors are unfolded and form a barb-structure. The final design allows for good
and stable joint functionality, which is not at the expense of component fixation,
as this is achieved outside the diseased joint and only undergoes pure tensile and
compression forces.
The novel method of fixation of the ligaments leads to many spin-off applications.
It can be used for primary fixation of the fractured humeral tuberosities during a
shoulder replacement in the case of humerus fractures. Difficulties with good bone
ingrowth of the fractured bone pieces is a significant problem after this treatment
and good solutions are not available. However, much bone material is available for
the proposed ligament fixation method with the additional benefit that it only re-
quires a single sided approach.
A similar application is foreseen in the case of femoral fractures in the knee joint.
By using the proposed fixation method, the fractured femoral condyles can be fixed
by minimally invasive techniques, requiring only very little joint exposure. The pro-
posed new prosthesis concept may also be used in the case of other joints, for which
conventional methods are not successful.

11.2 Future research

To extend the research described in this thesis to a level that the design considera-
tions can be used in clinical practice, more work has to be performed. Recommen-
dations for this future research are described below.
Chapter 4 discusses the effect of component geometry on joint stability, limited
by a two-dimensional rigid-body model. The glenohumeral joint, all biological and
biomaterials as well as the loading conditions imply a three-dimensional character
with elastic properties. To improve the presented analysis, it should be expanded to
a three-dimensional model, including elasticity and dynamic behaviour. No direct
attempts have been made to account for this, but a future coalescence with the
Delft Shoulder Model [108] and the improved Finite Element Model of DIPEX 4
(see Chapter 1) may be the pointing basis for future fundamental research.
The experimental work of Chapters 5, 6 and 7 have demonstrated some future de-
sign adjustments to improve long-term glenoid component fixation and glenohumeral
joint stability. An example of the results is the beneficial effect of increasing artic-
ular conformity and decreasing glenoid component inclination on joint translations
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and glenoid component tilting. However, this is true only if the surgeon is able to
accurately insert the glenoid component. To achieve this, improved surgical instru-
mentation is necessary in combination with three-dimensional visualized, computer
assisted surgery, which are under investigation by DIPEX 1 and 2 (see Chapter 1).
Research to the feasibility to implement these methods in the operation theater
must be continued.
Additionally, the experiments have been done using synthetic bone substitutes, in-
house manufactured glenoid components, which are then joined together by bone
cement in an ex-vivo environment. This doesn’t lead to the most realistic condi-
tions. Although some natural bone properties are very well mirrored in the bone
substitutes, most of their mechanical behaviour remains uncertain. Using cadaver
material for future testing of prosthesis components, provides both more realistic
material properties and geometry. Although only small adjustments are necessary
to the experimental set-up to perform the tests in a fluid environment, at present,
cadaver material is prohibited in non-biological laboratories. However, co-operation
with a biological laboratory may lead to improved possibilities for experimental test-
ing. In a biologic laboratory, with suitable equipment, the dislocation behaviour of
the natural, pathologic and replaced glenohumeral joint can be examined in great
detail. This leads to better mimicking of the human, biological reality.
A glenohumeral replacement has been investigated, which must function without the
rotator cuff, providing the patient enough strength and range of motion to perform
activities of daily living. Although a pre-design has been worked out and range of
motion and strength validation seems promising, many aspects are uncertain at the
time of writing. Feasibility of implantation, effectiveness of the design concept and
fixation strength in the natural joint have to be investigated in future.
Promising research on the presented design is not limited to the presented applica-
tion. Spin-off applications exist, for example as primary fixation of fractured bone
pieces during the first post-operative weeks using the proposed fixation technique as
described in Chapter 10. Computational and experimental methods may be applied
to validate these applications.
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A.1 Terminology

Directions in the body and motion of limbs are described from the neutral position
(see Figure A.1), which indicates the global coordinate system of the human body.
The frontal plane divides the body in a frontal (anterior or ventral) and backside
(posterior or dorsal) part. The sagittal plane divides the body in a left and right
part and the ventral plane divides the body in an upper part (superior or cranial)
and lower part (inferior or caudal). The mediosagittal plane divides the body in an
equal left and right part.
Medial and lateral indicate a location or direction towards the mediosagittal plane
and away from this plane, respectively. Anterior or ventral and posterior or dorsal
indicate a location or direction towards the front and backside of the body, respec-
tively. Superior or cranial and inferior or caudal indicate a location or direction
towards the upper and lower part of the body. Proximal and distal indicate towards
and away from the trunk, respectively.
Human motions are the result of rotations of one or multiple joints. In general,
three rotations are possible. Abduction, which is the opposite of adduction, is mo-
tion away from the mediosagittal plane and increases the angle between the limb and
the sagittal plane. Extension, the opposite of flexion, is motion back to the neutral
position or tries to restore this position. The third rotation is axial-rotation and
is the rotation about the long axis of a bone element. Internal rotation moves the
anterior surface of the segment towards the midline of the body and is the opposite
of external rotation [49].

A.2 Ligaments, muscles and the glenoid labrum

The ligaments of the glenohumeral joint are given in Table A.1. The ligamentous
structures are integrated in the joint capsule of the glenohumeral joint. The 17
muscles surrounding the shoulder are given in Table A.2, along with their function,
origin and insertion. Four muscles form the so-called ’Rotator-Cuff’, which are the
subscapularis, supraspinatus, infraspinatus and teres minor muscles. The function
of the Rotator Cuff (RC) muscles is to provide a torsional moment to allow for
external and internal rotation as well as for providing joint compression for active,
dynamic glenohumeral stability [236]. The glenohumeral capsule is positioned prox-
imal from the RC, disappearing in the fascia of the M. Infraspinatus, Subscapularis,
Coracobrachialis and the Biceps. The capsule is strengthened by the tendons of RC
muscles. On the posterior side these are the Infrapsinatus and Teres Minor, on the
superior side this is the Supraspinatus and anterior it is the Subscapularis [210].
As like the hip joint, the shoulder joint has a labrum (see Figure 2.2), similar to the
meniscus of the knee, but it has a different mechanical structure [111]. It deepens
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Figure A.1: Anatomical base and definitions of human movements. (a) Neutral position
of the human body and definition of the medical coordinate system and directions [106].
(b) Some movements of limbs of the human body

Table A.1: The ligaments of the shoulder girdle [209, 299]

Ligament Connection
Coracoacromial Coracoid process and acromion

Superior transverse scapular Superior rim of scapula and coracoid process
Costo-clavicular First rib and clavicula

Conoideum Clavicula and coracoid process
Trapezoid Clavicula and coracoid process

Coraco-humeral Coracoid process and humerus

the glenoid cavity, although it is doubtful whether this flexible rim provides addi-
tional stability. However, it is recognized that it provides neural proprioception, a
sensory modality system that gives information about joint position and direction
of glenohumeral movements. Special nerve endings, the proprioceptive mechanore-
ceptors, transduce mechanical signals into electrical signals to transmit information
about the joint. A deficit of this system, for example after a joint replacement, can
result in decreased joint stability [342].
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Table A.2: The muscles of the shoulder girdle. The muscles are divided into three groups,
according to their location of attachment to the bones. * ‘Rotator Cuff’ muscles [106, 209]

Group Origins and insertions Function

Thoraco - Scapular

Serratus anterior Anterior ribs - Abducts and Adducts

medial border Scapula Scapula

Abducts and rotates

Trapezius Thorax - clavicula (Acromion) Scapula, elevates and

depresses Scapula

Rhomboideus major Thorax - Adducts and

medial border Scapula rotates Scapula

Rhomboideus minor Thorax - Adducts Scapula

medial border Scapula

Pectoralis minor Anterior ribs - Depresses Scapula

coracoid process

Subclaviculus Thorax - Depresses clavicula -

Clavicula protraction

Levator scapulae Thorax - Elevates Scapula

angulus superior Scapula

Scapula - Humeral

Deltoid Scapula and clavicula - Humerus Abducts arm, flexes,

extends and rotates

Supraspinatus∗ Scapula - Adducts Humerus

tuberculum majus humeri

Infraspinatus∗ Scapula - Externally Rotates Humerus

tuberculum majus humeri

Subscapularis∗ Scapula - Internally rotates Humerus

tuberculum minus humeri

Teres minor∗ Scapula - Adducts and externally

tuberculum minus humeri rotates Humerus

Teres major Scapula - Adducts, extends and

tuberculum minus humeri externally rotates Humerus

Coracobrachialis Coracoid process - Humerus Flexes and adducts

Biceps brachii (long head) Glenoid - Ulna Flexes and suppinates forearm

Triceps brachii (long head) Glenoid - Humerus/Ulna Extends forearm

Thorax - Humeral

Pectoralis major Thorax - Flexes, extends, adducts

tuberculum majus humeri and medially rotates Humerus

Latissimus dorsi Thorax - Adducts, extends

tuberculum majus humeri and medially rotates Humerus
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B.1 Introduction

Biological materials of the human body are different from other materials, due to
their living character and thereby the possibility to react to changes in their envi-
ronment. Biomaterials, which are materials to replace or assist tissues of the host
body, are different in that they must fulfill biocompatibility requirements of differ-
ent levels, depending on their future function and location inside the body. The
load carrying biological materials in and around articular joints are cortical, tra-
becular and subchondral bone and the articular cartilage (see Figure B.1). Among
others, conventional used biocompatible materials for joint replacements are Ultra-
High-Molecular-Weight-Poly-Ethylene (UHMWPE), Cobalt-Chromium-Molybdene
(CoCrMo) and Polymethyl-Methacrylate (PMMA). These and some other less used
materials will be discussed in the next two sections and an overview of the material
properties can be found in Table B.1.

B.2 Bone and cartilage

Bone is a living, continually remodelling material, with specific micro and macro
structural properties. It consists for 90% out of type 1 collagen fibrils, a visco-
elastic material, which provides a certain ductility and fracture toughness. The
other 10% consists out of non-collagenous components and mineral substances, such
as Hydroxyapatite (HA) [37], a relatively stiff, elastic material, providing strength
and stiffness to the bone. In other words, bone is a composite, that is a structure
made of at least two mechanically differing materials, with superior properties as
compared to the structure made out of the separate materials alone [285]. The stiff-
ness of HA and Collagen is 70-114 GPa and 1 GPa, respectively [36]. As a result,
bone can withstand high loads, without being too brittle.
Macroscopically, bone elements have of a more dense, stiff and strong outer skin
and a lightweight kernel, formed by cortical bone and trabecular bone, respectively
(see Figure B.1). The elastic modulus of cortical bone is 12-23 GPa [351]. The
elastic modulus of trabecular bone depends both on location, e.g. proximal or dis-
tal, and direction, e.g. parallel or perpendicular to the joint loading. By using
compression tests of cubic specimens, elastic moduli for the glenoid cavity of 410.8
(SD=114.2), 157.1 (SD=71.4) and 78.3 (SD=47.8) MPa are found perpendicular to
the joint surface, in anterior-posterior (AP) direction and in superior-inferior (SI)
direction, respectively [84]. Yield strength of trabecular bone ranges between 130
and 180 MPa, depending on direction and location, and for cortical bone it is ap-
proximately 180 MPa [351]. An analogy can be drawn between bone elements and
the so called ’sandwich structures’. These are efficient structures where bending is
dominant and where a high ratio of strength and stiffness over weight is required.
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The skin mainly takes care of stresses due to bending and axial forces, whereas the
kernel takes care of the shear forces and support of the skins. The sandwich struc-
ture is closed at the articular surfaces by subchondral bone and cartilage and they
play an important role in lubrication, damping and load distribution [137, 215].
Both cartilage and subchondral bone layers have to fulfill two mechanical contradic-
tory functions. On the one hand, these layers must have enough strength to handle
high joint loads and on the other hand flexibility to provide joint conformity, which
often does not go together in a monolithic material and as a result also these mate-
rials are built up as a composite.
Because of the complex composite character, articular cartilage exhibits anisotropic
and nonlinear behaviour in compression, tension and shear. Moreover, the mechan-
ical properties of cartilage depend on the depth from the articular surface. For
instance, the deformation in axial direction decreases with depth. The highly hy-
drated (up to 80% of water content) composite structure, can be modelled as a
poro-viscoelastic material with a relatively low compressive elastic modulus (100 -
200 MPa) [212]. The elastic modulus of cartilage increases with depth, especially in
case of compressed cartilage [51]. Despite the low stiffness, articular cartilage is able
to transmit high loads (up to 8 times body weight) due to the exudation of the fluid
and the movement of fluid through the porous structure of cartilage. Together with
synovial fluid, cartilage in articular joints provides a coefficient of friction between
the articular surfaces ranging between 0.005 and 0.01 [212].

Bone Lives!!

Bone is a living material, continually breaking down and building up bone cells,
thereby renewing its structure. As a result of changed loading conditions, such as
after a joint replacement, bone is adjusting its structure to a new equilibrium. The
mechanism behind this is ’bone remodelling’.

Bone remodelling

Bone remodelling is the phenomenon that bone is continually renewing and that it
is has the capability to adapt its morphology to amplitude and direction of loading
patterns. This is according to Wolffs’ Law [354]:

’The form of bone being given, the bone elements place or displace them-
selves in the direction of the functional stress and increase or decrease
their mass to reflect the amount of functional stress.’

An example of bone remodelling is the increased bone density and morphological
alignment in especially the proximal femur of runners and in the bone elements in the
dominant upper extremities of tennis players. After a hip replacement, bone remod-
elling is the cause of stress shielding, a common failure mechanism for loosening of
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stemmed components (see Section 3.5.3). In the case of humeral replacements, bone
remodelling also can occur, as demonstrated in a study by Nagels et al. (2003) [221]
(see Figure B.2).
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Figure B.1: Biomaterials in articular joints. (a) Part of a section of the glenohumeral
joint. 1. Cortical bone 2. Trabecular bone 3. Subchondral bone 4. Cartilage. (b) Four
layers (zones) of the articular cartilage: superficial (SZ), middle (MZ), deep (DZ) and
calcified CZ) and the subchondral bone layer (SB). (c) Section of a human femur, with
similarities to the sandwich structure. The kernel and facings exists out of the trabecular
and cortical bone, respectively. Adapted from Spalteholz and Spanner [295]

B.3 Materials for joint replacements

A definition of biocompatibility is given by Hill [112]:

’Biocompatibility is the ability of a man made material to exist in an
in-vivo environment for an acceptable period of time with no detrimental
effect on the host.’

Wintermantel and Ha (1996) add to this definition that the material is allowed to
dissociate substances of the material in non-toxic concentrations [351]. It seems that
biocompatibility determines more or less only the surface behaviour of the material
and not the features of the bulk material. The result of the use of biocompatible
materials for implants is the encase of the material to the interstitial tissue, with
as little influence on the metabolism as possible. Although there are levels of bio-
compatibility [351], in case of endo-prostheses the highest level of biocompatibility
is required [112].
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(a) (b) (c)

Figure B.2: An example of stress shielding. (a) Pre-operative image. (b) Image obtained
directly after surgery. (c) Image of the same patient after 7 years of follow-up. Arrow
indicates region of cortical bone resorption. Adapted from [221]

CoCrMo

A very common used material for especially the convex components of joint replace-
ments is Cobalt Chrome Molybdene (CoCrMo), casted as well as forged. Casted
CoCrMo is a hard material, due to a high percentage of Carbon, resulting in little
abrasion under sliding circumstances. Forged CoCrMo has good fatigue properties
due to a small grain sizes. Despite the low vulnerability to corrosion of CoCrMo
alloys, corrosion products have been found in blood and the tissue surrounding the
prosthesis. CoCrMo particles with dimensions < 10 µm can be more toxic than the
common used TiAl6V4 alloy [351].

Titanium

The titanium alloy TiAl4V6 is used as prosthesis material, because of its high
strength to weight ratio and good biocompatibility. This biocompatible capacity
is due to a clean and stable oxide skin on the material, which also means that corro-
sion is not a big problem in case of Titanium alloys [351, 112]. Titanium alloys are
highly receptive for bone ingrowth and can be used in combination with a smooth,
textured and porous surface [62]. Titanium alloys generate more wear debris com-
pared to Cobalt Chrome alloys, which might result in higher loosening rates of the
counteracting softer UHMWPE components. Vanadium is used in small amounts,
about 0.05%, for increasing toughness, fatigue properties and shock resistance. A
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disadvantage of Vanadium is its toxicity to human cells, which is ten times worse
as compared to CoCrMo [351]. As a result, the Vanadium free alloy TiAl6Nb7 has
been developed, which is commercially available since 1990. Aluminum is added for
its good fatigue properties and corrosion resistance, due to an oxide skin [351, 112].
The density of Titanium is about 55% of that of steel, but with the same tensile
strength compared to casted CoCrMo, which reflects the main mechanical advantage
of Titanium (see table B.1). Additionally, the Young’s modulus is 50% as compared
to CoCr-alloys, which decreases the effect of stress shielding and as a result less bone
resorption occurs.

Ultra-High-Molecular-Weight-Poly-Ethylene (UHMWPE)

Since the introduction of joint replacements, the common standard consists of a hard
material (such as CoCr- or Ti-alloys) against a soft material (such as Ultra-High-
Molecular-Weight-Poly-Ethylene (UHMWPE)). Many materials have been used as
the soft articular surface, such as Polytetrafluoroethylene, Polyacetal, High Density
Polyethylene (HDPE), polyesters and (UHMWPE). Polytetrafluoroethylene (Teflon,
DuPont), has been used for its good chemical inertness and low coefficient of friction,
but unfortunately it showed bad clinical results. The main problems of this material
are the low resistance to creep and bad abrasive wear characteristics. Polyacetal has
higher yield strength and crystallinity as compared to HDPE and is easier to manu-
facture (as parts made from Polyacetal can be injection molded). Short-term results
were good, but results then dropped significantly as compared to the Charnley pros-
thesis (CoCr against HDPE) and after the mid 80’ its use has been abandoned [173].
Charnley used HDPE in hip joint replacement, which became the relative standard
for joint replacements. However, in the beginning of the 60’s, Craven started testing
with UHMWPE. This biocompatible material showed better results with respect
to long-term survival, due to its good mechanical and chemical properties [26, 67].
Although UHMWPE has been used successfully for over 30 years [64], retrieved com-
ponents showed fatigue cracks, excessive wear and component damage [67] and since
the introduction there is still ongoing research to improve the material. Many mate-
rial factors influence the results of the joint replacement with respect to component
survival (including wear, fixation and component failure). These factors are the bulk
material (structural) properties and the surface properties (smoothness, surface ten-
sion etc.). The bulk material properties are mainly influenced by the polymerization
process (to control the molecular weight), cross-linking (see Figure B.3), reinforcing
with PE fibers (to create a homocomposite) or Carbon fibres.
UHMWPE is built up from an even number of carbon atoms with a pair of hy-
drogen atoms, while the ends of the molecules are terminated by methylgroups
(see Figure B.3). The monomers polymerise under high compression (103 - 155
MPa) and temperature (180 - 200◦ C, which is above the melting point) or at
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medium temperature and pressure if the proper catalyst is selected. UHMWPE is a
two-phase visco-plastic solid, with crystalline domains embedded in an amorphous
matrix. Calcium stearate is added to remove residuals (such as catalysts), it acts
as a lubricant and as a release agent. It may decrease ultimate tensile strength,
elongation to break, fracture toughness and it affects the oxidation resistance after
γ-radiation [158, 64]. The obtained product can be the final product (as the resin
is polymerised by injection moulding in the final shape), small particles (140 µm
(GUR, Hoechst) - 300 µm (1900, Montell)) or a semi-product, such as moulded
plates and ram-extruded bar rods [158]. UHMWPE has a higher molecular weight
as compared to HDPE, (and thus a higher viscosity and lower crystallinity), a higher
melting point, lower density, lower elongation at break, a somewhat lower hardness,
a higher impact strength and better resistance to wear [26]. Regarding van der Vegt
(1982), UHMWPE is also tougher than HDPE [326].
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Figure B.3: The chemical structure of UHMWPE (a) and its possibility for chain
scission (b) to allow for crosslinking (c)

Polymethyl-Methacrylate (PMMA)

Polymethyl-Methacrylate (PMMA), used as bone cement, is an amorphous, hard
polymer. Bone cement is made by a polymerization reaction of the small solid
PMMA grains and the fluid monomer and a stabilizator is used to control the reac-
tion. This polymerization reaction must be started using a polymerization catalyst,
which can influence the final properties of PMMA. The fluid monomer is highly
toxic to human tissue and it may not be brought into contact with bone before four
to five minutes after adding the polymerization catalyst. The total time needed for
complete polymerization is about ten to twelve minutes.
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Ceramics

Ceramics can offer some advantages in combination with the above mentioned ma-
terials, as it has superb biocompatibility due to its inertness, and it shows minimal
wear rates as a result of its hardness and low surface roughness. Ceramics, such as
aluminumoxide (Al2O3) and Zirkonoxide (ZrO2), are used for convex head compo-
nents and hydroxyapatite (CA10(PO4)6(OH)2) as surface coatings for stems or cup
component, to allow for bone ingrowth fixation.
Young patients are indicated for bone ingrowth fixation, due to their good metabolism
activities. The primary fixation in the first 6-8 weeks is determinative for the quality
of the long-term fixation. This primary fixation is often achieved by screws (such as
in the case of metal backed glenoid components), or press fit (such as in the case of
femoral stem components). Old patients normally obtain a cemented prosthesis, to
lighten the post-operative rehabilitation and because of their inferior bone ingrowth
capacity. As mentioned, the most common used coating material is hydroxyapatite,
with very similar chemical and mechanical properties to bone material. In fact, one
of the constituents of bone is hydroxyapatite. Another advantage is the bioactive
character, or osteoconductivity, of hydroxyapatite. It can stimulate bone to grow
into the pores of the surface, resulting in a strong, self-regenerating bone-implant
fixation. The present standard in hip replacements is a (partially) hydroxyapatite-
coated stem. The goal of using hydroxyapatite is shortening of the rehabilitation
time and a more proximal (anatomical) stress distribution. Hydroxyapatite is a cal-
cium phosphate and exists both as an organic material and is available synthetically.
Coating thickness is about 25 µm and can debond as a result of a low Ph-value,
cell-mediated resorption and mechanical causes, such as wear and fracture.
Aluminumoxid (AL2O3) is used for its high resistance against abrasion and corro-
sion, its high strength and good biocompatibility. A smaller grain size results in
better mechanical properties and better biocompatibility than Zirkonoxid (ZrO2).
Elements from other materials are allowed in small concentrations, but it has to
fulfill the requirements according to ISO 6474. Wear rates of artificial joints, with
an articular combination made out of Aluminumoxid-UHMWPE can be two and a
half times better as compared to a conventional metal-UHMWPE combination [126].
Potentials for the near future are the application of ceramic and metal parts, with-
out polymer parts, to decrease wear rates [351].
Ceramics show good biocompatibility, but the mechanical properties make it diffi-
cult to use ceramics as a structural material. Although it has a high strength, its
fracture toughness is nil, due to its extreme low elongation at fracture. In struc-
tures or assemblies with enforced displacements, ceramics should not be used, as
they cannot perform in such conditions. In the past, head components made out
of ceramics frequently showed head fracture [7], due to inferior ceramic quality and
shortcomings in the fabrication process. At present, its main application is as a
surface coating.
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Appendix C

Color Figures

The colorful Gianni Romme during his 10
km race, world championship, Nagano, 1998
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(a) (b)

(c) (d)

Figure C.1: The glenohumeral joint. (a) Anterior view of the shoulder, including the
humerus, scapula and lateral clavicula. (b) Frontal section of the right glenohumeral artic-
ulation. (c) Lateral view on the right glenohumeral articulation with the proximal humerus
and Rotator Cuff (RC). (d) Lateral view on the left glenohumeral articulation. See also
Figure 2.2. Adapted from Sobotta
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(a) (b)

(c) (d)

Figure C.2: Some joints of the lower extremities. (a) Anterior section of the hip joint
(articulatio coxae). (b) Medial (left) and anterior view on the knee joint (articulatio
genus). (c) Medial-lateral section of the ankle joint (articulatio talocruralis). Adapted
from Sobotta. See also Figures 3.1, 3.5 and 3.9
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(a)

(b)

Figure C.3: (a) The test set-up integrated in the MTS materials testing system, with
inclination angle γ = 0◦. (b) The test set-up integrated in the MTS materials testing
system, with inclination angle γ < 0◦. See also Figures 5.3 and 7.3
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(a)

(b)

Figure C.4: (a) Humeral head (left) against the glenoid component, superiorly clamped
at the medial half of the bone substitute. (b) Close up of the sensors for investigating
glenoid component tilting, by measuring the medial-lateral displacements of the two pins
in the superior and inferior glenoid rim. See also Figure 5.4



Color Figures 215

+3.218e+01

+2.000e+01

+1.792e+01

+1.583e+01

+1.375e+01

+1.167e+01

+9.583e+00

+7.500e+00

+5.417e+00

+3.333e+00

+1.250e+00

-8.333e-01

-5.000e+00

-2.917e+00

-1.286e+01

+1.747e+01

+1.500e+01

+1.208e+01

+9.167e+00

+6.250e+00

+3.333e+00

-2.500e+00

-5.417e+00

-8.333e+00

-1.125e+01

-1.417e+01

+4.167e+00

-2.000e+01

-1.708e+01

(a)

+2.888e+01

+2.000e+01

+1.792e+01

+1.583e+01

+1.375e+01

+1.167e+01

+9.583e+00

+7.500e+00

+5.417e+00

+3.333e+00

+1.250e+00

-8.333e-01

-5.000e+00

-2.917e+00

-1.129e+01

+1.892e+01

+1.500e+01

+1.208e+01

+9.167e+00

+6.250e+00

+3.333e+00

-2.500e+00

-5.417e+00

-8.333e+00

-1.125e+01

-1.417e+01

+4.167e+00

-2.000e+01

-1.708e+01

(b)

+2.130e+01

+2.000e+01

+1.792e+01

+1.583e+01

+1.375e+01

+1.167e+01

+9.583e+00

+7.500e+00

+5.417e+00

+3.333e+00

+1.250e+00

-8.333e-01

-5.000e+00

-2.917e+00

-8.944e+00

+2.074e+01

+1.500e+01

+1.208e+01

+9.167e+00

+6.250e+00

+3.333e+00

-2.500e+00

-5.417e+00

-8.333e+00

-1.125e+01

-1.417e+01

+4.167e+00

-2.000e+01

-1.708e+01

(c)

Figure C.5: Maximal principal stresses (MPa) in the bone cement (left) and glenoid
component as analysed using the FE model for different interface conditions, with a 725
N joint compression force and a 350 N superior directed joint subluxation force. (a) A
CoF of 0 is applied at the UHMWPE - PMMA interface. (b) A CoF of 1 is applied at the
UHMWPE - PMMA interface. (c) A full bonding is applied at the UHMWPE - PMMA
interface. See also Figure 9.6
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Figure C.6: Maximal medial-lateral displacement (mm) in the bone cement (left) and
glenoid component as analysed in the FE model for different interface conditions, with a
725 N joint compression force and a 350 N superior directed joint subluxation force. (a) A
CoF of 0 is applied at the UHMWPE - PMMA interface. (b) A CoF of 1 is applied at the
UHMWPE - PMMA interface. (c) A full bonding is applied at the UHMWPE - PMMA
interface. See also Figure 9.7
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(a)

(b) (c)

Figure C.7: The self-stabilizing glenohumeral prosthesis. (a) The bipolar prosthesis on
component level. 1. Constraining disc 2. CoCr head for the inner bearing 3. UHMWPE
disc for articulation 4. Nuts, for fixation of the artificial ligaments to the outer shell 5.
Outer shell, fixed against the glenoid bone stock 6. Artificial ligaments 7. Bone anchors
(b) The assembled prosthesis. (c) Artist impression of the replaced glenohumeral joint.
See also Figure 10.2
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(a) (b)

(c) (d)

(e) (f)

Figure C.8: Main steps of the surgical procedure. (a) Guided drilling, from lateral
through the glenoid medial cortex. (b) Lateral insertion and unfolding of the bone anchors.
(c) Positioning of the prosthetic outer shell over the ligaments. (d) Fixing the ligaments
using nuts and special surgical instrumentation. (e) Assembling the bipolar prosthesis.
(f) The self-stabilizing prosthesis at work as the replaced the glenohumeral joint. See also
Figure 10.5
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Figure C.9: (a) Model for the FE analysis to investigate the stresses in the bone anchor,
ligaments and underlying bone. (b) Model for the FE analysis including the bipolar head
to investigate the stresses in the bone anchor, ligaments and underlying bone. See also
Figure 10.8
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Figure C.10: (a) Maximal principal stresses (MPa) in the bone structure, bone anchors
and ligament of a simplified structure of the fixation system of the new prosthesis. The
ligament is loaded by a 240 N tensile force. (b) Maximal principal stresses (MPa) in the
bone structure, fixation system and outer shell of the new prosthesis, which is loaded by a
350 N subluxation in superior direction. See also Figure 10.8
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Summary

Design Considerations for the Glenohumeral Endoprosthesis

Shoulder replacements can show good results in terms of survival rates, for certain
patient groups even similar to hip and knee replacements. Unfortunately, results in
terms of post-operative joint functionality are inferior with additionally more com-
plications and these results must be improved to increase patient satisfaction.
The results in terms of component fixation and post-operative functionality are
determined by patient characteristics, the design of the prosthesis, the surgeon
and post-operative rehabilitation. In general, two patient groups can be distin-
guished, namely patients with glenohumeral joints suffering from osteo-arthritis or
rheumatoid-arthritis. The difference is that in osteoarthritic joints the surrounding
soft-tissues are unaffected, whereas these tissues may be excessively deteriorated or
even torn in the case of rheumatoid-arthritic joints. Whereas mimicking the natural
anatomy is the primary goal in osteoarthritic joints, in the case of rheumatoid-
arthritic joints, a well fixed replacement with good stability is to be created, which
asks for different approaches.
Using a rigid-body model of the artificial glenohumeral joint, including a potential
field, the effect of, among others, the radius of curvature of both the glenoid and
humeral head component on humeral head translations and joint stability is investi-
gated. Clear relations between applied forces, geometrical parameters and humeral
head translations for different articular positions are given. The joint translational
stiffness, which is the derivative of the applied subluxation force with respect to the
humeral head displacement in corresponding direction, seems to be a good predictor
for joint stability, being positive and negative in the case of a stable and unstable
joint, respectively.
Parallel to the Finite Element (FE) method, experimental testing is frequently used,
as it may demonstrate unexpected effects, which were not implemented in the FE
model. However, both methods should be made as realistic as possible. An experi-
mental test set-up is developed, in which humeral head displacements are the result
of known applied forces. This provides a more realistic method to investigate the
effect of joint conformity and glenoid inclination on glenoid component tilting, as
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compared to conventional methods, in which humeral head translations are applied.
Using this new test equipment, it is found that in the case of a tendency to superior
subluxation, increased articular conformity and decreased glenoid component incli-
nation are beneficial with respect to glenoid component tilting. Additionally, it is
found that, in this case, a decreased glenoid inclination increases joint stability.
The experiments also demonstrated that in most cases no physical bonding is present
between the Ultra-High-Molecular-Weight-Polyethylene (UHMWPE) glenoid com-
ponent and the Polymethyl-Methacrylate (PMMA) bone cement. This indicates
that glenoid components are fixed by mechanical interlocking, rather than by ad-
hesion. Keels, with holes and grooves, or pegs are needed to achieve this, which
require much bone removal. It is unknown whether adhesion in this interface is
beneficial for the presently used designs. However, adhered fixation of UHMWPE
glenoid components, in combination with design modifications, can be interesting to
develop a more superficial fixation. Therefore, methods to improve adhesion proper-
ties of UHMWPE have been investigated. Different surface modification techniques
are used to oxidize thin UHMWPE specimens, which are then bonded into single
lap-joints with PMMA bone cement or MMA adhesive and subsequently tested on
shear strength. A combined surface roughening and Radio Frequency-Discharge
treatment showed the highest interface shear strength, even resulting in UHMWPE
necking of the single lap-joints.
The absence of physical bonding between most UHMWPE glenoid components and
the PMMA bone cement also implies that the common used full bonding at this
interface in Finite Element (FE) models may be incorrect and contact elements
in combination with a coefficient of friction (CoF) at this interface may result in a
better approximation of the reality. A FE analysis of the glenohumeral joint replace-
ment demonstrated that full bonding provides a small overestimation of the maximal
principal stresses in the glenoid component, whereas it dramatically underestimates
the maximal principal stresses in the bone cement and underlying bone, with respect
to a CoF at the interface. Also, although full bonding only slightly underestimates
the superior glenoid rim-displacements, it provides a complete wrong behaviour of
the inferior glenoid rim-displacements, as it doesn’t allow the glenoid component to
tilt away from the cement. A full bonding only slightly underestimates the medial
displacements in the bone cement and underlying bone.
At present, no reliable solution is available for shoulders, which are severely affected
by rheumatoid-arthritis or Rotator Cuff arthropathy. This is mainly because of
the very unfavorable combination of weakened or even severely damaged surround-
ing soft-tissues, such as muscles and ligaments, and deteriorated bone materials in
an already bad approachable and small bone volume for component fixation. A
conceptually new design has been developed, in which a bipolar humeral head is
semi-rigidly connected to the lateral scapula using artificial ligaments. The 3 or 4
ligaments diverge from the outer shell towards the glenoid bone stock. Guided by
drilled openings, these ligaments go subsequently through the subchondral bone,
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trabecular bone and medial cortex of the glenoid bone at which they are fixed. The
ligaments are fixed at the medial cortex of the glenoid bone stock, either by using
bone anchors or by inserting ligaments with a clamped ball at their medial end in
combination with hollow screws, tightened in the healthy trabecular and cortical
bone. Both methods only require a lateral approach and lead to pure compressive
and tensile forces at the fixation. As the humeral head tends to subluxate in any ar-
bitrary direction, the ligaments become tensioned, thereby preventing the humeral
head from further translating out of the glenoid cavity. Meanwhile, the bipolar
head provides enough range of motion to perform the activities of daily living. The
presented fixation techniques of the ligaments have some interesting spin-off appli-
cations, especially in the case of bone fractures and minimal invasive surgery.

Keywords: shoulder prosthesis, glenoid component fixation, shoulder stability, rigid-
body model, force-controlled testing, joint conformity, glenoid component incli-
nation, UHMWPE adhesion, Finite Element Model, coefficient of friction, self-
stabilizing prosthesis

Rogier Oosterom, 2004
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Samenvatting

Ontwerp consideraties voor de Glenohumerale Endoprothese

Vervanging van het schoudergewricht laat goede resultaten zien als het gaat om de
levensduur, voor bepaalde patiëntgroepen zelfs gelijk aan die van heup- en knie-
gewrichten. Echter, de resultaten in termen van post-operatieve functionaliteit van
de schouder zijn een stuk slechter met tevens meer complicaties en deze resultaten
moeten worden verbeterd voor een toename van de tevredenheid van de patiënt.
Het resultaat in termen van component fixatie en post-operatieve functionaliteit
worden bepaald door de patiënt, het ontwerp van de prothese, de chirurg en de post-
operatieve zorg. In het algemeen kunnen twee patiëntgroepen worden onderscheiden,
te weten patiënten met glenohumerale gewrichten aangetast door osteoarthrose of
door reumatöıde arthritis. Deze twee groepen onderscheiden zich met name, doordat
osteoarthrose alleen het bot aantast, terwijl in het geval van reumatöıde arthritis
ook de omringende zachte weefsels, zoals de ligamenten en spieren van het gewricht,
in ernstige mate aangetast kunnen zijn of zelfs gescheurd. Het doel van de vervang-
ing van arthrose gewrichten is het reconstrueren van de originele anatomie, terwijl
dit voor reumatöıde gewrichten het creëren van stabiliteit van het gewricht en goede
component fixatie is. Dit vraagt om verschillende benaderingen.
Met behulp van een schematisch ’rigid-body model’ van de vervangen schouder,
waarbij de geometrie vastligt door gebruik te maken van oneindig stijve materialen,
is het effect van onder andere de kromtestraal van zowel de glenoid als humerale com-
ponent op humeruskop translaties en stabiliteit van het gewricht bekeken. Duidelijke
verbanden zijn gegeven tussen de aangebrachte krachten, geometrische parameters
en humeruskop translaties voor verschillende articulatie gebieden. De ’gewricht-
stranslatiestijfheid’, gedefinieerd als de afgeleide van de aangebrachte subluxatie-
kracht naar humeruskop translaties in dezelfde richting, blijkt goed de gewrichtssta-
biliteit te kunnen voorspellen en is respectievelijk positief en negatief in het geval
van een stabiel en onstabiel gewricht.
Naast de Eindige Elementen (EE) methode, worden experimentele technieken veel-
vuldig gebruikt om ontwerpen te valideren, aangezien deze onverwachte effecten
kunnen laten zien, die niet in de EE modellen konden worden meegenomen. Echter,
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beide methoden moeten zo goed mogelijk de realiteit benaderen. Een testopstelling
is ontwikkeld, waarbij de humeruskop translaties het gevolg zijn van bekende krachten.
Zo kan op een realistischer manier het effect van gewrichtsconformiteit en glenoid
inclinatie bekeken worden, ten opzichte van een nu vaak gebruikte andere methode,
waarbij humeruskop translaties worden aangebracht. In deze nieuwe testopstelling
wordt het kantelen van het glenoid component gemeten als gevolg van de aange-
brachte wisselende belasting. Dit herhaald kantelen wordt gezien als een belangrijk
faalmechanisme van de totale schoudervervanging. Met behulp van deze opstelling
kan worden aangetoond dat, in het geval van subluxatie in superieure richting, een
toename van gewrichtsconformiteit en een afname van glenoid inclinatie het kantelen
van de glenoid component doet afnemen. Tevens kon worden laten zien dat in dit
geval een afname van de glenoid component inclinatie een toename van gewrichtssta-
biliteit oplevert.
De experimenten hebben ook laten zien dat er in veel gevallen geen hechting aanwezig
is tussen het Ultra-High-Molecular-Weight-Poly-Ethylene (UHMWPE) glenoid com-
ponent en het Polymethyl-Methacrylate (PMMA) botcement. Dit betekent dat de
glenoid componenten met name vastzitten door middel van mechanische interlock-
ing, in plaats van door fysische hechting. Zogenaamde keels, met gaten en groeven,
en pegs aan de achterzijde van de glenoid componenten, zijn hiervoor nodig, die een
hoop botverwijdering vereisen. Het is onbekend of deze hechting wel of niet gunstig is
in combinatie met de huidig gebruikte ontwerpen. Echter, hechting van glenoid com-
ponenten zou gebruikt kunnen worden voor het ontwikkelen van een minder diepe
methode van fixeren in combinatie met ontwerp modificaties. Daarom zijn de meth-
oden ter verbetering van de hechtingseigenschappen van UHMWPE onderzocht.
Verschillende oppervlakte behandelingstechnieken zijn gebruikt om het oppervlak
van dunne UHMWPE schijfjes te oxideren, die dan met een enkelvoudige overlap
aan elkaar gelijmd zijn met PMMA botcement of Methyl-Methacrylate lijm en ver-
volgens op afschuifsterkte getest. Een gecombineerde behandeling van opruwen en
een radio-frequentie plasma ontladingsbehandeling bleek te resulteren in de hoogste
afschuifsterkte, wat zelfs insnoering van het UHMWPE vlak bij de overlap tot gevolg
had.
Dat er geen fysische hechting aanwezig is tussen de UHMWPE glenoid component
en het PMMA botcement, houdt ook in dat de vaak gebruikte volledige verbinding
van deze interface in EE modellen, waarbij de knooppunten van de elementen 1 op
1 verbonden worden, een onjuist methode is. Het gebruik van contact elementen
in combinatie met een wrijvingscoëfficiënt zou een betere benadering van de werke-
lijkheid kunnen opleveren. Met behulp van een EE analyse is gevonden dat bij een
volledige verbinding van de interface, de ’principal stresses’ in de glenoid component
enigszins overschat worden, terwijl juist in het botcement en onderliggende bot deze
’principal stresses’ duidelijk onderschat zijn, ten opzichte van een analyse met een
wrijvingscofficint en contact elementen. Hoewel een volledige verbinding slechts een
kleine onderschatting geeft van de rand-verplaatsing van de superieure glenoid com-
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ponent, laat het een geheel verkeerd beeld zien van de rand-verplaatsingen aan de
inferieure zijde van de glenoid component. Dit laatste komt, doordat een volledige
verbinding een kanteling uit het bot van de inferieure rand van het glenoid com-
ponent niet toelaat. Tenslotte laat een volledige verbinding slechts een kleine on-
derschatting zien van de mediale verplaatsingen van het botcement en onderliggend
bot.
Voor patiënten met een ernstig pathologisch glenohumeraal gewricht als gevolg van
reumatöıde arthritis en Rotator Cuff arthropathy is er momenteel geen succesvolle
oplossing beschikbaar. Dit komt met name door de zeer ongunstige combinatie
van verzwakte of zelfs gescheurde omringende zachte weefsels, zoals spieren en liga-
menten, en verslechterd botmateriaal in een moeilijk toegankelijk en klein bot vol-
ume voor component fixatie. Een conceptueel nieuw ontwerp is ontwikkeld, waarbij
een zogenaamde bi-polair humerale prothese semi-rigide gefixeerd is met de laterale
scapula, gebruik makende van artificiële ligamenten. De 3 of 4 ligamenten divergeren
vanuit de buitenschaal van het bi-polaire gewricht richting het glenoid botgedeelte
van de scapula. Geleid door geboorde gaten, gaan deze ligamenten dan respec-
tievelijk door het subchondrale, trabeculaire en uiteindelijke ook door het mediale
cortex van het glenoid gedeelte van de scapula, alwaar ze worden gefixeerd. Fix-
atie van de ligamenten wordt tot stand gebracht door het uitklappen van botankers
of door het inbrengen van ligamenten met een gefixeerd balletje aan hun mediale
uiteinde in combinatie met holle schroeven, die in het gezonde trabeculaire en cor-
ticale bot van het glenoid geschroefd worden. Voor beide methoden van fixeren is
een lateraal chirurgische ingreep voldoende en geldt dat alleen trek- en drukkrachten
optreden rond de fixatie van de ligamenten. Als nu de humerale kop dreigt te sub-
luxeren in elke willekeurige richting, komen de ligamenten onder spanning te staan
en verhinderen verdere translatie van de humerale kop uit de glenoid holte. , garan-
deert de bi-polaire prothese voldoende bewegingsvrijheid om de activiteiten van het
dagelijks leven uit te kunnen voeren. De gepresenteerde methode van fixeren van de
ligamenten hebben een aantal interessante spin-off toepassingen, met name in het
geval van bot fracturen en minimaal invasieve chirurgie.

Trefwoorden: schouder prothese, glenoid component fixatie, schouder stabiliteit,
rigid-body model, krachtgestuurd testen, gewrichtsconformiteit, glenoid component
inclinatie, UHMWPE hechting, Eindig Elementen Model, wrijvingscoëfficiënt, zelf-
stabiliserende prothese

Rogier Oosterom, 2004
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