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Summary

SUMMARY

1

In the field of the replacement of malignant tumors in the pelvis a demand for well designed

pelvic prostheses is seen. The requirements for a new kind of prosthesis are of the type ofnew
materials and connections of the prosthesis to the bone. Here a fiber reinforced medical
polymer offers a good opportunity as prosthesis material due to it's excellent biocompatibility,

X-ray transparency and mechanical properties.

The design process for a pelvic prosthesis made from fiber reinforced medical polymer was
analysed in the following steps:

1 Analysis of the human pelvis in a situation with and without prosthesis.
2 Analysis of load transfer in the pelvic bone with different fixation methods.

3 Recommendations for the design process ofa pelvic prosthesis.

The analysis of the human pelvis is done by a 3D finite element model which is based on
computer tomography scans of a real human pelvis. The most important characteristic of the
model is the sandwich construction of cortical and trabecular bone. A part of the mesh has it's

•
mechanical material properties replaced by prosthesis material properties. Here the Young's

modulus is varied from a low modulus polymer to a high modulus metal alloy. Stress
distributions at the transition area bone to prosthesis are used as loads on simplified models of

the pelvis to analyse the load transfer from the prosthesis to the bone. Two connective systems
are discussed in detail, an intramedullar stem and lap joints.

The deformation behaviour of the pelvis with a homogeneous prosthesis showed that a
material with a Young's modulus of about 6 MPa should be used. However simulation of the

pelvis with a sandwich prosthesis has shown clearly that a stress distribution in the bone at the
interface occurs which is more like the situation of the intact pelvis.

Using a stem as fixation for the prosthesis, it should be made of a material with a Young's
modulus that is lower than the modulus of the cortical bone (±17 GPa). For the lap joints a

minimum thickness of the laps is recommended using materials with a Young's modulus
similar to the modulus of the bone and with an additional decrease of the Young's modulus
over the length of the lap.

To gain insight in the characteristics of the human pelvis the finite element analysis is a
possible way but the results depend on the quality of the finite element model. The
recommendations for the design are based on this finite element model of the pelvis. Thus
these recommendations concerning the requirements of the prosthesis have an uncertainty
with respect to the real human pelvis.

A next step should be a validation of the model to increase it's quality and value, the analysis
of a whole pelvis including a fully designed prosthesis and the manufacturing and testing of
prototypes of prostheses.
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Introduction

1 INTRODUCTION

1.1 Problem and goal definition

1

While resecting tumor affected bone in the hip socket region, some questions occur, For

example about ideal resection methods, fixation and load initiation methods of prostheses to

the bone, the best geometry of these prostheses and applicable materials.

With the development of custom-made prostheses (replacements of tumor affected bone),

conditions like strength, stiffness and geometry of both bone and prosthesis have to be

considered. A prosthetic replacement should be adapted to the bone to achieve a smooth

transition from prosthesis to bone.

An optimum fixation method of a prosthesis to bone structures is an important feature which

determines the lifetime of this prosthesis and the quality of the joint between bone and

prosthesis. Experiences show that areas in which forces are initiated are problem zones. Due

to discontinuities in the mechanical construction, especially the load initiation zones, local

stress peaks occur in both bone and prosthesis, which are higher than in the normal situation.

Other places can become stress free which can lead to bone resorption.

The goal ofthis thesis is three-fold:

1 To analyse the stress-strain state in the human pelvis in a situation with and without

prosthesis.

2 To analyse how forces are transmitted when different fixation methods are used.

3 To give recommendations, if possible, for the design process of a pelvic prosthesis.

To achieve insight in the mechanical characteristics of the pelvic and pelvic replacement, a 3D

tinite element model of the pelvis is developed (chapter 2). The model data are obtained irom

computer tomography scans of a real human pelvis. The finite element model contains

simulation of the pelvis while standing and of the human gait cycle of a healthy person.

In the discussion of the influence of the mechanical properties of a prosthesis to the bone, the

material choice is important. Due to the wide variety of stiffnesses of the different applicable

implant materials and their results on the pelvic behaviour, attention has to be paid to these

materials. The chosen material also determines the manufacturing method and additionally,

the manufacturing method largely determines the shape of a prosthesis. This concerns

especially fiber reinforced (medical) polymers. Implementing a pelvic replacement of varying

stiffnesses representing different implant materials, the influence of the stiffness of the

prosthesis on the mechanical behaviour of the bone will be considered (chapter 3).
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Apart from the above mentioned analysis, attention will be paid to the connection of

prosthesis to bone. Here the characteristics of several load initiation methods will be

considered (chapter 4).

Recommendations for the design process, based on the before mentioned analyses, are given

as far as possible (chapter 5). Having discussed the above mentioned topics, the quality of the

finite element model of the pelvis and its value for the design process is considered.

Furthermore an outlook for future developments is given (chapter 6).
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1.2 Pelvic anatomy

The human pelvis (figure 1.1) is a basin of bone that serves as receptacle for several internal

organs. The pelvis consists of the two pelvis halves, the lower portion of the vertrebra1

column, the sacrum and coccyx, forming the lowest part of the trunk. Each pelvic half consists

of the ischiuIll, ilium a.lld pubic bones which converge on the acetabulum (hip socket), in

which the head of the femur fits.

The two pelvic halves, the innominate or coxal bones, articulate posterior with the sacrum by

tight synovial joints and anterior with the fibrocartilaginous pubic symphysis. A brief

description ofmedical terms and definitions can be found in appendix 8.2.

Obturator
foramen Pubic arch \ Pubic symphysis

Female pelvis, anterior

lIium

----------------------------,------------'
Figure 1.1: The human pelvis [Johnson '86J

The position of the trunk relative to the lower extremities, the legs, is being controlled in the

hip joints. Screw like tendons around the hip joint obstruct from about 10° inclination to the

femur the bending of the upper part of the body which results in a relaxed state without using

the muscular system.
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Rotations in the other directions are mostly being prevented by the abductor and adductor

muscles (figure l.2a), before reaching the maximum range of movement. The upright posture

of the pelvis while standing on one leg or while walking during the stand phase is enabled by

the abductor muscular system. The abductor muscular system has its origin in the lateral side

of the ilium and its insertion on the trochanter major. The antagonic muscular system, the

adductor muscular system, has its origin in the lower pelvic ring, the pubis, and insertion on

the medial side of the femur.

For the flexion respectively extension of the legs the biceps femoris respectively the

quadriceps are mainly responsible (figure 1.2b). The quadriceps have their origin on the ilium

and their insertion in the knee region. The biceps femoris has its origin on the ischial

tuberosity and its insertion on the fibular head (appendix 8.2). The large muscle gluteus

maximus is not very active during normal walking. It is responsible for the extension of the

leg while walking fast and for the raising of the bodyweight out of a bending position, i.e.

when climbing stairs. Origin of the gluteus maximus is the lateral side of the ilium, sacrum

and coccyx and the insertion is the posterior side of the trochanter minor.

abductors

adductors

(a) (b)

Figure 1.2: (a) Abductors and adductors ofthe hip [Morike '88], and the

(b) flexors and extensors ofthe legs
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1.3 Introduction in the malignant tumor replacement

A tumor is a kind of tissue which growth is not being controlled. When this tumor grows by

consuming and replacing normal tissues, bones or muscles, it is called a malignant tumor. A

possible method to avoid the death of a patient as a result of a malignant tumor, the tumor is

resected. In this paragraph, the replacement of malignant bone tumors, especially with hollow

bone structures such as the pelvis is, is considered. Although tumors can occur everywere in

the pelvic region, the location of occurrence within the pelvis can be divided into three main

regions (see figure 1.3):

-type 1: iliosacral region;

-type 2: acetabulum;

-type 3: ischiopubic region.

,--------------------------------------.....,

Figure 1.3: Tumor location regions in the pelvis . standardized resection planes (a-d)

In order to stop the extravagant growing of the tumor, the tumor is treated with chemotherapy

or radiation. If this treatment did not totally destroy the tumor, the tumor with surrounding

bone and soft tissue, is resected. The surrounding bone and tissue is resected to prev~nt any

present metastases forming a new tumor.

Based on the before defined locations of tumors, there are several standardized methods of

resection [Enneking '78], showing the section on the following places as it is also illustrated in

figure 1.3:
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(a) iliosacraljoint,

(b) proximal of the acetabulum,

(c) pubic symphysis,

(d) pubis and ischium.

6

Depending on the resection method, a hole which causes an instability of the pelvis, has to be

bridged. When, the planes (a) and (b), for example, serve as resection planes, the proximal

part of the acetabulum is connected with the lateral side of the sacrum using the pubic

symphysis as turning point. This is one of the early methods (but still used when no better

solution is available) for the treatment of malignant tumors, which results in an immense

shortening ofthe leg or even amputation of one or both legs.

In order to minimize this problem, a pelvic prosthesis may be helpful. It decreases the

shortening of the leg and increases thus the mobility of the patient after the operation*.

Especially one of the earlier prostheses, the so called saddle prosthesis [Nieder '90], has still a

good functionality. One of its few disadvantages was the direct gliding contact of the

prosthetic surface with the bone surface. The next generation of prostheses better accounted

for the geometry of the pelvic bone. Due to the absence of good scanning techniques, the

shape of the prosthesis was not detailed enough to perfectly fit to the bone. This problem is

solved by adapting the bone to the prosthesis. Newer technologies enable us today to scan the

exact pelvic geometry (with a tolerance of less than 1 mm) and use these data to manufacture

a better adapted prosthesis. This is achieved by making 3D polyurethane foam models or

photopolymer models out of computertomograph scans and use these models as a form for the

prosthesis. A future way to manufacture a pelvic prosthesis is developing a prosthesis directly

from CT-scans, using CAD, CAE and CAM methods.

It should be mentioned that the different generations of tumor replacements have a large

overlap in time. This means that many different techniques are used, depending on the

severity of the tumor.

* The mobility of patients after resecting pelvic bone will never be comparable with healthy people,

considering that origins of muscles or even muscles if they are affected are resected too, which results in a total

different situation.
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2.1 Introduction

7

This chapter consists of the generation of the finite element model of the pelvis and the

analysis of the pelvis. The generation of a 3D mesh of a complex structure like the pelvis is

not trivial in case of meshing with brick elements. Therefore the mesh procedure is discussed

in detail in paragraph 2.2.1. The material properties and boundary conditions used in the FE

analysis of the pelvis are decribed in paragraphs 2.2.2 and 2.2.3. The results of two load cases,

standing on two legs and quasi-static walking, are presented in paragraph 2.3.

2.2 The model of the pelvis

To create a three dimensional finite element mesh of the pelvis, several steps of modelling

have to be passed. The first step is the generation of computer tomography scans extracted

from x-ray data of the human pelvis. These scans are in the transverse plane and have a typical

distance of two millimeters. The obtained computer tomography scans are then modified to

2D-contours of the pelvis. These 2D-contours are the basis for the generation of a 3D-model.

The format of these contour data is a standard VDA-FS point set. The point set data of the

contours are read as rational B-splines with open ends. Without closing the splines to circular

curves, one cannot use these splines. So a C-program was written which automatically closes

the splines. A program listing is given in appendix 8.8.

It should be mentioned that for the meshed model generation just one pelvic half is modelled.

The mesh is then being mirrored afterwards to represent the other pelvic half for a complete

model of the pelvis.

2.2.1 Geometry: mesh generation

For the meshing of the pelvis with 8-noded elements one has the choice between two

methods:

1. to use the surface of the pelvis as outer boundary surface which can be meshed inwards

(figure 2.1),

2. to see the scans as surfaces which can be connected to a geometric volume that can be

meshed (figure 2.3b), or as surfaces which can be meshed and then connected to form

solid elements (figure 2.3a).
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contours

- - - _/- - - - - - - -

contours contours
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Figure 2.1: Mesh path for meshing via an outer surface layer

Meshing the human pelvis by using the first method results in some difficulties typical for this

method. The major problem lies in the creation of an outer surface of good quality. It is hard

to find the right polygon order for the description of every part of the surface. Using software

which automatically chooses the best mean polygon order for the surface, results in a surface

with twists and waves.

The positions of the origins of the splines have an additional negative effect on the twisting of

the surface. These origins are sample points in the determination of the polygon order and are

not necessarily lying on a straight line but are somewhat distributed along the transverse plane

perpendicular to the contours (figure 2.2a). This causes a too high polygon order of the

surface and thus additional waves.

These geometrical difficulties can mainly be avoided by dividing the structure, which has to

be meshed, into smaller parts of which the polygon order can be set manually. Unfortunately

this partial creation of surfaces also causes a negative effect on the quality of the outer

- ----"surfac~LT~es of the surfaces do not match very well at some places. So a balance has to

be found between the number of twists, waves and subsurfaces.

When a solution is available, the surface is to be meshed automatically with 4-noded 2D

elements. The so generated surface mesh can be extruded inwards to create 8-noded 3D

elements. The problem is that the 8-noded elements do not join in the center of the pelvis

(figure 2.2b). This can only be overcome by moving nodes or mesh by hand.
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contours
high polygon order . /. _

,i,l" p"l) '''",,~< ~ ,""'~

(a)

Figure 2.2: (aJ fault polygon order, (b) a non fitting mesh

non fitting mesh

surface

(b)
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The second method to generate a 3D meshed model of 2D CT-contours, is to create surfaces

in the plane of the contours with the contours as outer boundaries. One can mesh these

surfaces and connect the surface meshes to solid meshes out of 8-noded elements (figure

2.3a). Or one can first connect the surfaces to geometric solids and automaticly mesh the

solids afterwards (figure 2.3b).

contours
/. /

""'----surface

<

- !~ Z\(~tm~h (a)

~surface mesh surface mesh

- ( ~,( \( ("olidmeshi \
I, \

\~solid (b):=s-solid
~ ~

surface surface

Figure 2.3: A1esh paths for meshing afthe pelvis via surfaces in the plane ofthe CT-contours,

(a) connecting surface meshes to form solid elements,

(b) connecting surfaces to form volumes that are meshed.

Both ways of meshing the pelvis in this second method face less problems than there are in

the first method. This is because each surface is in a 2D plane and therefore the difficulties are

not in the geometrical description of the surfaces but in the description of thereby generated

geometric solids or 8-noded solid elements. It too is easier to divide these in plane surfaces

into smaller ones than the 3D surface used in the first method. Therefore the method of
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meshing by using the planes of the contours in stead of the boundary surface, is chosen for the

meshing of the pelvis.

As mentioned before a solid mesh consisting of 8-noded (hex-elements) can be created via

two ways. One is by generating a geometric volume and meshing the volume, another method

is the 2D-meshing of surfaces and the connection of these surface meshes to a 8-noded solid

mesh. The latter mentioned way of meshing the pelvis is not recommended due to the

significant geometrical differences between adjacent surfaces (contours). When there is a

large difference between two surfaces, the resulting edge angles a (figure 2.4a) can be too

small. Very small edge angles result in bad shaped elements that cause a numerical inaccurate

calculation.

=------ edge angle a
a '

\

\

\

\surface 2

(surface 1

/

,,
I

7
8-noded element

(a)

subsurface 2

6-noded element
:~

<"
8-noded element

(

7
subsurface 1

(b)

Figure 2.4: Front view ofcontour slices with mesh paths:

(a) connecting surface meshes

(b) geometric solid meshing using subsurfaces

Meshing a geometric solid to solid elements usually leads to the same problem, when creating

one solid between two adjacent contour slices. One has to divide the surfaces into subsurfaces

in such a way that the edge angle of the solid and thereby the edge angles of the elements of

the solid mesh is minimized. 6-noded elements (wedge-elements) are generated manually on

the left free subsurfaces (figure 2.4b). Creating one solid over more than two surfaces or

contours, is not recommended because the same problems occur as mentioned before when

describing the first method of meshing (via an outer surface layer).
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Because no solid can be generated over more than two contours, the number of solids and so

the number of elements depend on the number of scans. With over one hundred contours of

the hemi pelvis, the number of elements would finally exceed the capacity of soft- and

hardware and stretch the calculation time. Thus the number of contours has been reduced to

one third of the original size by removing two of every three contours. This reduction seems

to lead to a geometry which still represents the original geometry of the pelvis quite well.

An estimation of the total number of elements of the pelvis gives the following results. 33

scans result in 32 layers that have have to be meshed. With approximately 40 elements for the

representation of each layer, the total number of elements of the inner volume, which is

represented by the spongy bone, can be estimated to be about 1500. For the representation of

the cortical bone shell, another 1000 elements have to be added. Multiplying by two for the

second half of the pelvis, the total number of elements will be about 5000. This is an

acceptable number of elements taking into account the capacity of soft- and hardware.

The chosen meshing procedure is in fact projecting a smaller surface on a larger one. Due to

this meshing method, the number of elements over the contour surfaces differ but the size and

geometry of the elements can be controlled. The geometry determines the quality of the

elements. Boundary conditions like the edge angle a and warping are used in the decission

about the generation of extra subsurfaces. Numerical verification is discussed in appendix 8.3.

The resulting mesh only represents the inner part of the hemi pelvis, the spongy or trabecular

bone. In the representation of the cortical bone layer, a choice between three types of elements

can be made:

1. 4-noded 2D membrane elements

2. 4-noded 2D shell elements

3. 8-noded 3D solid elements

Each element type has its advantages and disadvantages. The membrane elements have as

disadvantage that no bending stiffness is accounted for. In a complex trllee dimensional

structure like the pelvis, the bending stiffness is of influence on the results.

Shell elements do account for bending stiffness but have the disadvantage that the degrees of

freedom disagree with the degrees of freedom of the adjacent 8-noded solid elements. The

extra rotational degrees of freedom of the shell elements could cause a discrepancy in the

displacement. Methods to overcome this difference in degrees of freedom are not discussed

here.

Solid elements account for bending stiffness and, being the same element type as already used

elements, the solid elements have the same degrees of freedom as the other solid elements.

Therefore 8-noded solid elements are chosen to represent the cortical bone layer.
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This layer has a constant thickness of 1.5 mm. This is an estimated mean value of the real

thickness of the cortical shell [Hansen '89]. These elements are created by extracting the

elements outer faces 1.5 mm outwards. The femur head and the distal part of the sacrum are

not included in this model of the pelvis. The contours and resulting mesh can be seen in figure

2.5.

'.,:. ". ~.

Figure 2.5: Contours ofthe hemi pelvis and resulting mesh
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2.2.2 Material properties

13

The generated model of the pelvis consists of three materials, cortical bone, spongy or

trabecular bone and cartilage. The inner region of the pelvis is modelled as spongy bone

(figure 2.6). The outer (solid) layer of elements of the mesh and the beam representing the

sacrum consists of cortical bone. The pubic symphysis is modelled as cartilage.

I ,
- Spongy bone

Figure 2.6: Property regions in the pelvis model

Each type of bone is considered to be isotropic. The differences of the Young's moduli for the

seperate material directions of the trabecular bone are relatively small. Therefore the isotropy

assumption for the trabecular bone seems to be acceptable. The anisotropy directions of the

cortical bone of the pelvis are hardly known and therefore the COltical bone is modelled as an

isotropic material. The chosen Young's moduli can be seen table 2.1.

Material range ofE-modulus [MPa] mean for pelvis [MPa] Poisson's ratio [-]

Cortical bone 8000 - 24000 17000 0.3

Spongy bone 200 - 1500 1000 0.2

Cartilage 1 - 14 14 0.48

Table 2.1: Material properties for the pelvic bone [Keaveny '93, Dalstra '93j
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The Young's modulus of the cartilage is chosen to be E = 14 MPa. A lower Young's modulus

of 1 MPa is seen in articular cartilage. The pubic symphysis however is not an articular joint.

The value of 14 MPa is also the same as is used in literature in which simulation of the pelvis

including cartilage is demonstrated.

2.2.3 Boundary conditions of the pelvis model

The load situation of the pelvis during standing (figure 2.7a) is simulated by a force in

negative z-direction, representing the bodyweight minus the weight of the legs, working on

the proximal part of the sacrum:

The surface on which the force is introduced, has approximately the form of the lowest lumbar

vertebra. The displacements of the area of the surface of the acetabulum at which the femur

head makes contact with the acetabulum are surpressed. Thus the femur is considered to be a

rigid, fixed part (see appendix 8.3). This results in the surpressing of the displacements in

global x,y,z-direction.

\::..,.

z

x-J
(a)

Figure 2.7: Boundary conditions ofthe model (11III = described displacements):

(a) while standing on two legs,

(b) while quasi-static walking

Loads working on the pelvis during walking (figure 2.7b) are represented by quasistatic

walking for three steps of the gait cycle. These steps are at 15%, 39% and 53% of the gait

cycle. The forces working on the right and left acetabulum, Fright and Fleft, are of different

magnitude and direction (table 2.2). The hip joint forces and muscle forces are based on the
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method of Seireg and Arvikar '79. They determined the muscle forces by modelling the lower

extremities as a system of rigid bodies or skeletal segments, kept in equilibrium by the pull on

the muscles and ligaments. The muscle forces are assumed to be directed along lines joining

the corresponding points oforigin and insertion on the skeletal segments.

right leg left leg right leg left leg right leg left leg

% of the gait cycle 15% 39% 53%

Fx [times BwJ -0.4 0.12 0 0.05 0.17 -0.3

Fy [times Bw] -0.6 0.09 0.3 -0.15 -0.8 -0.16

Fz [times BwJ 4.8 0.44 3.7 0.23 1.5 3.4--
Fr [times BwJ 4.8 0.46 3.7 0.28 1.7 3.4

Table 2.2: Hip joint reactionforces at three moments ofthe gait cycle.

A tabular overview of the active muscles and the magnitude of their forces can be seen in

appendix 8.4 (table 8.3). Measurements on a real human pelvis and femur [Dostal '78] to

determine the directions of the muscle forces, can not be generalized to this model of the

pelvis. Each pelvis has a different geometry and additionally for this model no data is

available of the femur geometry. So the directions of the muscle forces Fmi are chosen to be

in the same direction as the resultant hip joint forces. The muscle forces attach at surfaces

which represent the locations of the muscle origins. The hip joint forces are initiated at the

fictive contact surface with the femur head.
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Figure 2.8: The hip joint reaction force during the gait cycle, (a) [Seireg '79J,

and during the standphase ofthe gait cycle, (b) [Siebertz '94J
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From the biomechanical point of view the second maximum of the joint reaction force (figure

2.8a) is hard to explain. More up-to-date measurements show two maxima in stead of three

(figure 2.8b). A cause for the differentiation between a second and third maximum could be

the relative high value of the extensors at 53% of the gait cycle. The first maximum is for both

measurements about the saIne. Hence in t~e follovv'ing the main attention goes to the first step

at 15% of the gait cycle.

The described displacements for the loadcase walking are on the proximal sacrum surface

(figure 2.7b) and are surpressed in x,y,z-direction of the global coordinate system. The areas

at which boundary conditions are described for the load cases standing and walking are the

same for both cases. The area of described displacements while standing corresponds to the

area of initiation of the hip joint force while walking and vice versa.

A verification of the stability of the model concerning boundary conditions is described in

appendix 8.3.2.

2.3 Results of the analysis with the intact pelvis

2.3.1 Simulation of the pelvis while standing on two legs

The global deformation of the pelvis with a static load on the sacrum representing the

bodyweight, can be compared with the deformation of a beam. When looking from the side,

the beam has described displacements in the middle and is loaded on bending on one end

(figure 2. 13a). The described displacements in the middle of the beam, at the acetabulum,

prevent a free rotation of the beam. This results in stresses that have their maximum values in

the region of the described displacements.

(a)

sacrum

(b)

8
max

(c)

Figure 2.13: Representation ofthe pelvis as a beam: (a) sideview,(b) upper view,
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Looking at the pelvis from above, bending in another plane can be seen (figure 2.13b). This

deformation is a result of the global bending described before and of the fact that the load and

the described displacements are not directly beneath the force Fz but on the left and right part

of the beam (figure 2.13b). Figure 2.14 shows the displacements of the pelvis. The magnitude

of the displacement of the ilium wings however is smaller than the magnitude of the

displacement of the sacrum and ischium. The magnitudes of displacements are smali for this

loadcase. The maximum displacement of about Imm is at the sacrum.
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Figure 2.14: Deformation ofthe pelvis while standing on two legs

Looking frontal at the pelvis, the pelvis can be seen as a ring with a flexible joint, the

symphysis (figure 2.13c). Here the sacrum also moves downward while the joint, the pubic

symphysis, moves upwards. The deformation of the pelvis in this representation is not in

conflict with the before mentioned deformation of the beam models. According to this ring

model there are maximum stresses on the points of maximum bending. The low modulus of

the cartilage causes the maximum strains to be in the flexible joint (figure 2.14). The

magnitude is about 0.02%.
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Figure 2.14: Stress and strain maxima a/the pelvis while standing on two legs

In the pelvis the location of the maximum tensile stress is still at the acetabulum but the

maximum compression stresses are located between the places of occurence of the maximum

compression stresses of beam and ring model (figure 2.14, figures 8.6 and 8.7 p. 81).

For this loadcase the magnitudes of the stresses are small which is demonstrated with the

principal stresses (table 2.2). The principal stresses have a maximum of about -5 MPa,

representing a compressIon load. The stress distribution is like a sandwich structure which has

a face with a high Young's modulus and a core with a low modulus. There are larger stresses

in the cortical wall, the face of the structure, than there are in the trabecular bone, the core

(table 2.2). The low Young's modulus (14 MPa) of the cartilage in the pubic symphysis result

in small stresses but relative high strains. The magnitudes of all stresses and strains of the

pelvic bone and cartilage do not exceed the strength of the materials for this loadcase standing

on two legs (appendix 8.5).

cortical bone trabecular bone cartilage

a [MPa] mm max mm max mm max

a1 -0.3 3.0 -0.1 2.1 -0.006 0.07

a2 -1.6 1.0 -0.9 0.5 -0.006 0.01

a3 -5.1 0.3 -2.4 0.13 -0.028 0.005

Table 2.2: Ranges o/the principal stress in the cortical bone, trabecular bone and in the

cartilage
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2.3.2 Simulation of the pelvis while walking

The global deformation of the pelvis while quasi-static walking is, like in paragraph 2.3.1,

compared with the deformation of a beam and a ring (figure 2.15). When looking from the

side, the beam has described displacements on top and is loaded on bending by the hip joint

reaction force which attaches in the middle of the beam (figure 2.15a). This results in

compression stresses on the front side and tensile stresses on the rear side of the beam , or

pelvis.

I;.ight

(a) (b)

Figure 2.15: Representation ofthe pelvis as (aj a beam, sideview, (bj a ring, front view,

- : undeformed, ... = deformed

Looking frontal at the pelvis, the pelvis can be seen as a ring with a flexible joint (figure

2.15b). Here the asymmetrical load results in an asymmetrical deformation. The weight

bearing side of the pelvis has a larger deformation than the non-weight bearing side for chosen

three steps of the gait cycle. The magnitude of the displacement is largest at the first step,. 15%

of the gait cycle. The displacements at the second step, 39% of the gait cycle, are qualitative

the same but smaller in magnitude (table 2.3, figures 8.8··11, pp.82-83). As mentioned before,

the deformation of the last step is influenced by large values ofthe extensor muscles (figures

8.12-13 p.84). Therefore the first step of the gait cyde is mainly discussed.

Step of the gait cycle dmax xmax Ymax Zmax

[mm] [mm] [mm] [mm]

15% (heel strike) 1.7 0.15 1.5 0.7

39% 1.3 0.14 1.1 0.6

53% (toe off) 1.5 0.6 1.1 0.4

Table 2.3: Maximum displacements ofthe pelvis and x,y,z-components
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At this step, the force on the weight bearing side, Fright, causes the right pelvic half to deform

more than the left pelvic half (figure 2.16). At both sides however the ilium wings move

slightly upwards, to the side and to the rear. The ischium and pubic bone move upwards, like

in the beam model. Here the ischium moves forwards also, thus a kind of rotation around a

fictive axis between the acetabulum center and the pubic symphysis occurs (figure 2.16)

sacrum

d

acetabulum

I;.ight

ischium
d

pubic symphysis

Figure 2.16: Deformation ofthe pelvis at 15% ofthe gait cycle (iIiIII = described displacements)

The difference in deformation of right and left pubic ramus and the low Young's modulus of

the cartilage is responsible for the large strains of about 4% in the pubis symphysis (table 2.5).

The strains in the rest of the pelvic bone, cortical bone and trabecular bone, are negligible to

the strains of the cartilage.

Gait cycle <Jzmin <Jzmax <Jlmin <J1max <J2min <J2max <J3min <J3max smax

[MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [%]

15% -38 69 -2 74 -11.4 21.4 -48 6.3 3.6

39% -34 48 -2.5 52 -8,4 14 -38 4.8 3

53% (right) -32 59 -2 68 -5 20 -30 3 4

53% (left) -63 78 -7 83 -21 28 -70 19 4

Table 2.5: Range ofprinciple stresses, z-component ofthe Cauchy stress and the maximum

strain in the symphysis at 15%, 39% and 53% ofthe gait cycle
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As is seen when discussing the deformation of the pelvis, the pelvis is mainly loaded on

bending, especially on the weight bearing side (the right side). This bending is also

demonstrated by the distribution of the z-component of the Cauchy stress (figures 8.8-13

pp.82-84) which is at the location of the maximum stress in the direction of the principal

stress. The first principal stress agree with the tension and the third principal stress agree with

the compression of the z-component of the Cauchy stress. The z-component of the Cauchy

stress is about 90% of the principal stress (table 2.5). Due to this small difference in

amplitude, the z-components of the Cauchy stress are used to discuss the bending at the

location of the maximum stress.
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Figure 2.17: Location ofthe maximum stresses and strains at 15% ofthe gait cycle,

IIIlIIi = described displacements

The maximum stresses are on the weight bearing, right side. The maximum compression

stress is located at the frontal medial side and the tensile stress at the rear medial side in the

cortical bone of the pelvic ring (figure 2.17, figures 8.8-13 pp. 82··84). The maximum stress in

the cortical bone, about 80MPa, does not exceed the strength of the cortical bone.

The maximum stresses of the cancellous bone occur between the acetabulum and the more

upwards situated cortical wall of the lower part of the ilium. This means that the load is

transfered through the cancellous bone. The maximum compression stress in that region is in

the order of 25 MPa which is below the strength of the trabecular bone (appendix 8.5). A

section at the location of the maximum stresses show typical sandwich behaviour with low

stresses in the core and higher stresses in the face (figure 2.18).
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Figure 2.18: Typical stress distribution in a section ofa pelvic half

This bending behaviour is also seen in other parts of the pelvis, the ischium and the superior

pubic bone. The magnitude of the stress at those locations is far less than at the location of the

global maximum, proximal of the acetabulum.

A calculation is made to compare the behaviour of the pelvis when modelled homogeneously

with a middle isotropic Young's modulus of 6000 MPa [Ortloff '94J and when modelled as a

sandwich structure with a cortical wall and trabecular bone. The pelvis at 15% of the gait

cycle qualitatively shows the same deformation in both situations (table 2.6).

Step of gait cycle, Gzmin Gzmax G1min G1max G2min G2max G3min G3max

type of model [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa] [MPa]

15%,homogeneous ~12.2 22.8 -4.5 24 -8.9 9 -21 6.5

15%, sandwich -38 69 -2 74 -11.4 21.4 -48 6.3

dmax xmin xmax Ymin Ymax zmin zmax

[mm] [mm] [mm] [mm] [mm] [mm] [mm]

15%,homogeneous 1.8 -0.6 0.16 -0.3 1.6 -0.9 0.8

15%, sandwich 1.7 -0.5 0.15 -0.2 1.5 -0.9 0.7

Table 2.6: Range ofprinciple stresses, the z-component ofthe Cauchy stress and the global

displacements at 15% ofthe gait cycle with a homogeneous modelledpelvis

and a sandwich modelled pelvis

The displacement of the homogeneous model is somewhat smaller than the displacement of

sandwich model. This is probably due to the stiffer material at the outside parts of the pelvis.
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This sandwich property also causes the difference in stress distibution. In the homogeneous

model the stresses are divided more uniformly while in the sandwich model the stresses are

divided into the two materials, cortical bone and trabecular bone, where the stiffer material

takes higher stresses and the less stiffer material lower stresses.

The deformation of the symphysis is for this load situation similar to the deformation

described in literature [Ortloff '94]. The motion of the symphysis is a complex motion in a

three dimensional space. Also a displacement of the ilium to the side and the rear and a

upwards displacement of the pubic ramus is seen like described by Hansen '89.

The distribution of the stresses in the sandwich model show agreement with studies made by

other autors [Oonishi '83]. The principal stress in the ilium proximal of the acetabulum has a

similar distribution as in the study from Oonishi.
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3 SIMULATION OF THE BEHAVIOUR OF THE PELVIS WITH AN

IMPLANTED PELVIC REPLACEMENT

3.1 Introduction

24

This chapter describes the analysis of the pelvis with an implanted pelvic replacement. First

materials that are used in medical applications are described (paragraph 3.2). This includes

non trivial manufacturing methods and the 3D mechanical properties used in the analyses. The

boundary conditions are described in paragraph 3.3, followed by the presentation of the results

of the FE analysis for standing and walking with an implanted prosthesis in paragraph 3.4.

Paragraph 3.5 contains a discussion of the results.

3.2 Medical applied materials and material properties

3.2.1 Medical applied materials

There are three major groups of materials in the field of medical applied materials: metals,

plastics and ceramics. An overview of stiffness properties of these materials can be seen in

table 3.1.

Materials Young's modulus [MPa] Field of application

metals

CrNi-Steel, 200000 - 230000 long life implant
Co(Ni)CrMo

TiAIV 110000 long life implant

polymers

UMHWPE 500-1000 hip socket

PMMA 2500-4000 bone cement

CF/PEEK, CFfEP 5-500000 long life implant, hip socket

PEEK, EP 3600-4000 resin for implants, hip socket

Table 3.1: Young's moduli ofmedical applied materials [Eyerer '86j
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The first major difference of these groups is the high Young's modulus of the metal alloys

relative to the Young's moduli of polymers and bone.

The structure dependent Young's modulus and the biocompatibility of (carbon) fiber

reinforced polymers make these FRP attractive and promising materials to be used as an

implant. For example the modulus of this material can be adapted to the bone stiffness and

seems from that point ofview to be a suitable material to be used within an implant.

3.2.2 Manufacturing of reinforced medical polymers

A fiber reinforced polymer (FRP) consists of matrix components (thermoplastic or thermoset)

and of reinforcement components (fibers). Important for the characterization of the FRP are

properties of fiber, matrix and the interface in between. The properties of the interface are

dependent on the surface of the fiber. Carbonfibers are coated during the manufacturing

process. Two types of coatings can be considered;

- Sizing: Sizing is a coating to ease the handling of the fibers and protect the fibers during the

manufacturing. This is because the carbon fibers are brittle due to the graphite

structure.

- Finish: A finish is a coating to increase the adhesion between fiber and matrix (coupling

agent). Carbonfibers due to there graphite structure are inert which results in a weak

adhesion of coatings.

90% of all carbonfibers are being made of polyacrylnitril (PAN). The manufacturing process

is shown in figure 3.1 in a flow diagram.
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Coated carbon-fiber
(Semifinished product for the further manufacturing of woven fabrics)

Polymerisation

Stabilizing (oxidation)

Carbonizing in Nitrogen oxide
Graphitizing in Argon
(Solid-pyrolysis)

Coating with sizing
(protection)

Coating with finish
(interface)

AcrylnitriI
(Original material)

I
Polyacrylnitril

(Precursor materiai)

I
Stabilized fiber

(oxidized, melt-resistant)

I
Carbon-fiber

I

Weaving, Braiding

Carbon-fiber woven fabric
(Semifmished product for CFRP-implants)

Figure 3.1: Manufacturing proces ofcarbon-fiber semifinishedproducts

The coating of the fibers with sizing is necessary in the process of manufacturing of woven

lahrics (fiber protection and manufacturing aid). The sizing of fibers happens in PVD

(Physical-Vapour-Deposition), CVD (Chemical-Vapour-Deposition), spraying, sprinkling or

with help of sheets.

The further processing of fibers with coating to fabrics however shows problems due to the

incompatibility of the sizings with some matrix systems (i.e. thermoplastic sizing with

thermoset matrix in CFRP).

Second the finish- and sizing-materials are not biocompatible. They cause uncontrolled

reactions in the human body or are even cytotoxic. Biocompatible sizings is in the state of

research and development. The usual finish and sizing have therefore still to be removed from

the fabrics in a time consuming additional process. This results in an unprotected, sensitive,

but biocompatible, woven fabric.
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Using this fabric in processing implants is possible but complicated concerning damaging the

fibers. Due to the absence of better (or cheaper) alternatives this manufacturing process is

used in the production of implants.

3.2.3 Material properties of carbon fiber reinforced medical polymers

3.2.3.12D properties of carbon fiber reinforced medical polymers

The materials used in the composite pelvic prosthesis are all based on by MAN Ceramics

developed medical polymer Mepoman®. The carbon fibers are treated as mentioned above

before reinforcing the resin.

The mechanical material properties of the diverse carbon fiber reinforced polymers, a 0°

unidirectional FRP, a 0°/90° fabric and a short fiber reinforced polymer, are listed up in table

3.2. The stit1iless matrix (figure 3.2) for the 3D orthtropic case is demonstrated to define the

indices 1,2,3 (see also appendix 8.1). The indices 1,2,3 correspond with the material principal

axes. For a unidirectional reinforced laminate for example the I-direction and the 0°-direction

are in the fiber direction and the 2- and 90°-direction perpendicular to the fiber direction.
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Figure 3.2: The stiffness matrix ofa 3D orthotropic material
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(3.1)

(3.2)

Material Young's moduli Poisson's ratio Shear modulus

Type EI [MPa] E2 [MPa] vl2 [-] G12 [MPa]

Short-CFRP 8000 8000 0.37 2900

OO-CFRP 170000 8800 0.26 5500

OO/90o-CFRP 45050 45050 0.04 3060

Table 3.2: Material properties ofMAN Ceramics fiber reinforced medical polymers

These values are critical review values which are measured values corrected with a safety

factor for the analysis. The short fiber reinforced polymer is considered to be isotropic in all

directions. The preference direction due to the manufacturing process is thereby neglected.

The extension to three dimensional mechanical behaviour of the other, orthotropic, reinforced

resins leeds to the necessity of the knowledge of the properties in the third dimension. When

these parameters are not determined by measurements, the finite element program ANSYS 5.1

calculates the shear modulus with formula (3.1):

Ei
Gij = --.-C---

1+%j+2vj i

With i,j the principal material directionsl, 2 or 3.

This can leed to a remarkable failure in the determination of values of the shear moduli

[Aichele '93]. Therefore all the independent material properties have to be calculated and

entered into the finite element program. It should be mentioned that there are just 3

independent Poisson's ratios due to the symmetry of the stiffness matrix:

Ei
vij = vji -

Ej

3.2.3.2 Determination of the 3D properties of a 00 /900 woven fabric

The known properties of the fabric are El, E2, v12, G12 (table 3.2). These propreties are

measured values. The values of the remaining properties E3, v13, v23, G13, G23 have to be

determined.

With the assumption that warp and weft directions have no discrepancies, the material

symmetry reduces the number of independent properties to E3' v13 and G13 (figure 3.3).
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3

EI = E2 > E3

v23 = vI3

G23 =G13

Figure 3.3: FRP fabric, typical characteristics

In the determination ofG23, in case of real anisotropic behaviour, expression (3.1) leeds to

errors [Aichele '93]. One also needs for calculation of G23 the Young's modulus in 3-direction

and the Poisson's ratio v32. These values are unknown. Using measured values of a similar

material probably leeds to smaller errors than is the case when using expression (3.1). The

measured values and the caculated value of the shear modulus can be seen in table (3.3).

Material Type Young's modulus Poisson's ratio Shear modulus

E3 [MPa] v13 [-] G13 [MPa]

Measured properties 7400 0.08 1900

Calculated Modulus 5930

Table 3.3: Measured and calculated mechanical properties
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3.2.3.3 Determination of the 3D properties of a 0° fiber reinforced polymer

The already known properties of the unidirectional 3D laminate are El, E2, v12 and G12 (see

also table 3.2). Due to the symmetry of the material (figure 3.3) the unknown parameters are

reduced to v23 and G23.

2

3

El > E2 = E3

v12 = vB

G12 = GB

Figure 3.4: Unidirectional FRP, typical characteristics

When assuming quasi-isotropic behaviour in the 2,3 plane, E2 = E3, fonnula (3.1) reduces to

formula (3.3) which is the standard relation to calculate the shear modulus for isotropic

material behaviour.

Gij =

with i=2 and j=3

Ej

2(1 +Vij)
(3.3)

This relation leaves just one independent parameter to detennine, v23.

The Poisson's ratio of the resin, v=0.29, is used as v23 for the laminate because of lack of

other data. Additionally the matrix properties are the dominant properties in the detennination

of the shear modulus G23. The shear modulus G23 becomes via fonnula (3.3) and the matrix

Poisson's ratio: G23 = 3400 MPa. An overview ofthe different material properties can be seen

in the appendix (table 8.5).
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3.3 Finite element analysis of the model with pelvic replacement

3.3.1 Boundary conditions of the model with prosthesis

31

To simulate the behaviour of the pelvis with an implanted prosthesis, a part of the meshed

model is changed. The mesh configuration stays the same while the material properties of the

bone change to prosthesis materials. The planes of resection are located proximal and distal of

the acetabulum, at the ilium respectively the ischium and superior pubic bone (figure 3.5). The

fixations and forces are kept the same as is in the model without pelvic replacement.

Prosthesis,----

x,y,z-axcs: global system

x~ y~ -f-a.xcs: local eJementsysrem

-- Cortical bone

~~~~I~~~~W----------- Cartilage

Figure 3.5: Location ofthe pelvic replacement and material regions ofthe model

The Young's modulus of the prosthesis is varied to achieve the global behaviour of the pelvis

when different materials are implanted. The chosen moduli are those that represent a short

fiber reinforced polymer, a woven fabric, a titan alloy and a steel alloy (paragraph 3.2, table

3.1). Additionally a calculation is made with a Young's modulus in the same order a<> the

cortical bone (paragraph 3.3.2 & 3.3.3).

The simulations of standing on two legs and walking are also made for different compositions

of the prosthesis. Beside the above mentioned homogeneous isotropic prosthesis a calculation

is made with a sandwich like prosthesis. The core of the prosthesis consists of the short fiber

reinforced polymer while the face is reinforced with isotropic materials having the same

Young's modulus as in the homogeneous case. Here the mesh that was initially used to

represent the cortical bone is now used to represent the reinforcement. For the load case

standing on two legs only the sandwich prosthesis is taken in the variation of the Young's

modulus of the sandwich face (paragraph 3.2.2) while for the loadcase walking both

homogeneous and sandwich prosthesis are used in the analysis.
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A next step in the simulation of walking is to replace the reinforcement by a real three

dimensional anisotropic material. The materials that are chosen are a woven fabric and a

unidirectional fiber reinforced laminate, of which the material properties are described in

chapter 3.1. The face of the prosthesis at which the hip resultant force is initiated, is modelled

as short fiber reinforced polymer. Three situations are simulated:

1. a woven fabric with 00 orientation,

2. a woven fabric with 45 0 orientation,

3. a unidirectional laminate in 00 orientation

The variation of the Young's modulus with homogeneous, sandwich and anisotropic material

hehaviour for the loadcase walking is only done at 15% of the gait cycle. The 00 direction is

parallel to the x-axis of the local coordinate system (xe,ye,ze) of the prosthesis (figure3.5).

The element z-axis is perpendicular to the surface of the prosthesis, while the element y-axis

is in the global horizontal plane. The element xe-axis is perpendicular to both local ye,ze_axes.

3.3.2 Simulation of the pelvis with replacement while standing

The total pelvis behaves stiffer (figure3.6a) than without prosthesis, independent of what

modulus the prosthesis face has. This behaviour can be expected because the lowest Young's

modulus of the available prosthesis materials, used as core of the implant, is still about eight

times higher than the Young's modulus of the trabecular bone in the pelvis.
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Figure 3.6: (a) Maximum displacement ofthe pelvis versus Young's modulus ofthe

prosthesis face, (b) Maximum strain in the pubic symphysis versus

Young's modulus ofthe prosthesisface
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The non symmetrical behaviour can be demonstrated best by looking at the stresses. The

maxima of the stresses are still located at the medial rear side of each pelvic half (figures 8.15

17 pp.85-86). When considering the z-component of the Cauchy stress, the compression

stresses at the intact non-prosthesis side slightly decrease while the compression stresses at the

prosthesis side increase with increasing prosthesis Young's modulus (figure 3.8a).
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Figure 3.8: maximum z-component ofthe Cauchy stress while standing, (a) compression (b)

tension, at different locations ofthe pelvis

Also is seen that the compression stress in the prosthesis increases from lower magnitude to

higher magnitude relative to the normal pelvis. This shows that at increasing difference in

stiffness of the prosthesis face and core, the face of the sandwich prosthesis accounts more for

the load bearing. For the tensile stresses a similar increasing behaviour can be seen (figure

3.8b). The magnitude ofthe stress in the prostheses has a maximum of about 9 MPa which is

far below the strenght of all prosthesis materials.

At the transition sections bone-prosthesis, the stresses are less than the maximum stresses.

These maximum stresses occur in the prosthesis. At the sections distal of the acetabulum in

the superior pubic bone and the ischium there is hardly any difference with the stresses that

occur when simulating the behaviour of the normal pelvis.

At the section proximal of the acetabulum a different behaviour is seen. At the medial rear

side there is a compression load and at the medial front side a tensile load of smaller

amplitude. In the lateral part of that section, a small tensile load can be seen on both sides of

the ilium wing (figure 3.9). The maximum compression stress in the prosthesis increases with

increasing Young's modulus of the prosthesis face. This means that the compression stress at

the interface bone-prosthesis also increases. Additionally the tensile stresses on the most
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anterior part of the ilium wing increase slightly. This results in a change of the sign of the

stress in the bone located marked with ± in figure 3.9. The stress changes from compression in

case of a low modulus prosthesis face to tensile stress in case of a higher modulus of the

prosthesis face (see also figures 8.15-16 pp.85-86).

ilium wing

+

h
.~

prost eSlS

acetabulum
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pubic symphysis

sacrum

ischium

Figure 3.9: Stress maxima ofthe pelvis with prosthesis while standing on two legs

The tensile stresses are also present when no prosthesis is simulated (figure 8.14 p.85). The

magnitude of these tensile stresses however are all in a low range of -1 MPa to 1 MPa. A more

detailed discussion of the local behaviour of the bone at the transition of prosthesis-bone can

be seen in the next paragraph.

3.3.3 Simulation of the pelvis with a replacement while walking

As showed in chapter 2, the extreme loads occur at 15% of the gait cycle while at the next step

a uniform behaviour with only lower magnitudes is seen. Therefore this step of the gait cycle

is considered in the simulation of the behaviour of the pelvis with a prosthesis.

Like the situation while standing, the pelvis behaves stiffer when simulated with a prosthesis

than without a prosthesis (figure 3.l1a). This stiffer behaviour is independent of the

composition of the prosthesis, homogeneous or sandwich, although there is some difference

between both compositions. The displacements of the ilium wing, the pubic bone and the

pubic symphysis are qualitative the same as in the situation with intact pelvis. The maximum

displacement is located at the pubic bone direct adjacent to the pubic symphysis on the right
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pelvic half with prosthesis. On the right pelvic half the magnitude of the displacement is

larger than on the left pelvic half (figure 3.10).
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Figure 3.10: Deformation ofthe pelvis with prosthesis at 15% ofthe gait cycle

The displacement of the right pubic bone decreases with increasing Young's modulus of the

prosthesis. Thus the difference in displacement between right and left pelvic half decreases

and thus the strain of the cartilage in the pubic symphysis decreases too. This decrease of the

strain is qualitative the same as the displacement of the adjacent bone (figure 3.1Ia&b)

The deformation of the pelvis with a sandwich prosthesis is slightly higher than the

deformation of the pelvis with a homogeneous prosthesis. The strains show similar behaviour.
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Figure 3.11: (a) Maximum displacement ofthe pelvis, (b) maximum strain ofthe pelvis,

versus Young's modulus ofthe prosthesis

The maximum stresses are still on the medial side of the pelvic ring, with anterior

compression stresses and posterior tensile stresses. In the simulation of the pelvis with

prosthesis, the maximum is in the prosthesis material instead of in the bone.

Because the z-components of the Cauchy stress agree with the principal stresses at interesting

locations, the maximum stress and the inteface bone-prosthesis, these z-components are used

to discuss the stress behaviour of the pelvis. The z-components of the Cauchy stress in the

prosthesis show an increasing behaviour with increasing Young's modulus (figure 3.l2a&b)

where the tensile stresses are higher than the compression stresses. This could be caused by a

relative small rim on the posterior side in the model of the pelvis. The maximum stress is in

general smaller than the reference stress of the cortical bone of the normal pelvis. The stresses

do not exceed the strength of all possible isotropic prostheses materials.
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Figure 3.12: Maximum z-component ofthe Cauchy stress ofthe prosthesis (a) the frontal part

and (b) the rear part of versus Young's modulus
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The calculations made with a carbon fiber woven fabric and a unidirectional reinforced

polymer as face of the sandwich prosthesis show a less stiffer response of the pelvis compared

to the isotropic case (table 3.4). The modulus of the isotropic material agree with the first

modulus of the anisotropic material. The displacement and strain in case of the pelvis with

anisotropic prosthesis face show slightly less stiffer behaviour compared to the isotropic

situation, while the stresses in the prosthesis differ a lot. Due to the anisotropic fiber

composition of the face of the prosthesis are the stresses differently distributed. The stresses in

z-direction, for the woven fabric I and UD-Iamiriate in fiber direction, increase but are still

below the maximum strength.

Material, Young's modulus / dmax , Elmax, <Jzmin, <Jzmax ,

angle bone at symphysis symphysis prosthesis prosthesis

[GPa] / ° [mm] [%] [MPa] [MPa]

sandwich, £=45 / iso 0.99 1.7 -38 39

woven fabric 1, £1=45 /0° 1.1 1.8 -29 151

woven fabric 2, £1 =45/45° 1.3 1.9 -30 139

sandwich, E=170 / iso 0.7 1.4 -47 97

UD-Iaminate, E 1=170 / 0° 1.1 1.6 -65 122

Table 3.4: Maximum displacements,strains and stresses ofthe pelvis with sandwich

prosthesis with a isotropic and an anisotropic face

The load is mostly transmitted by the fibers in z-direction which account for higher stresses

for these two cases. The woven fabric 2 with its fiber orientation ± 45° not directly in

principal load direction shows a less stiffer behaviour.

The difference in the stress of the prostheses with woven fabrics is not that large. Also just a

small difference in displacement and strain between these two cases is seen. This leeds to the

conclusion that the orientation of the angle of this fabric seems not to be of much influence on

the global behaviour of the pelvis.

When looking at the local behaviour of the pelvis, stress peaks and stress free zones occur at

the interface bone-prosthesis (figure 8.18 p.87). The magnitude of the stresses vary dependent

on the prosthesis material. To discuss the behaviour of the bone adjacent to the prosthesis, the



Simulation o/the behaviour ofthe pelvis with an implantedpelvic replacement 39

locations of the extrema are determined (figure 3.13). Interesting nodes of the bone are chosen

just outside the interface bone-prosthesis in the bone.

The stresses at the interface are composed of the integration points in the prosthesis and in the

bone. A bound in the stiffness should result in a bound in the stresses but due to the averaging

of the integration points of both media, the values of the nodes at the interface are mean

values of the stresses in the prosthesis and in the bone. Therefore nodes are chosen in such a

way that there is one element between node and interface. This is done at each of the three

interfaces.

Ai IA
'f f-+~-+---1-+--1tT"-t-+--"

(a)

bone

AA

cc

(b)

Figure 3.13: Occurrence oflocal extremes, (aJ front view, (b) view ofthe sections with nodes

The nodes which are chosen for further discussion cross the section from one side to the other

side of the bone. For the nodes Al and A6 for example this means that they are at a local

compression respectively tensile stress maximum. The nodes at other sections and crossings

are chosen similarly. The crossing A7 to Al2 more lateral in the ilium wing is chosen because

the global picture of the pelvis shows at that location a, nearly, stress free zone.

The results of the analysis (figures 8.20-23 pp.88-91) show that the stresses in the bone

decrease proportional to liE. The stresses in the trabecular bone decrease to 5 untill 50% of

the original situation. Especially at locations where the original state of the stress is low. At

the ischium and pubic bone, for example, the decrease is almost to O. The decrease in the

response in the cortical bone is not that extreme as in the trabecular bone.

In the lateral part of the ilium wing, A7-A12 a different behaviour considering the decrease of

the response is seen. There are compression stresses in the cortical bone as well as in the



Simulation ofthe behaviour ofthe pelvis with an implantedpelvic replacement 40

trabecular bone. The stress state can be compared with the stress state of a beam that is loaded

with an axial force and a bending moment whereby the axial force dominates.

In the original state, without prosthesis, the compression stress at the inner side of the pelvis is

larger than the compression stress at the outer side. With increasing Young's modulus of the

prosthesis the stress state changes to larger compression stresses at the outer side of the pelvis

and smaller compression stresses on the inner side (figure 8.21 p.89). One could interprete this

as a shift of the bending moment.

This shift is also seen at other locations but not that excessive. The compression stress at node

Al for example decreases slighty when the Young's modulus of the homogeneous prosthesis

increases to values higher than about 50 GPa (figure3.14a).
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Figure 3.14: z-component ofthe Cauchy stress versus Young's modulus ofthe prosthesis,

(a) in the cortical bone at node Ai

(b) in the trabecular bone at node A3

The type of response of the pelvic bone is for homogeneous lliJd sandwich prostheses

qualitative the same. The decrease, or increase, of the stress in the bone with increasing

Young's modulus of the prosthesis, is for the sandwich prosthesis less extreme (figure 3.l4b).

This is probably caused by a greater similarity of a sandwich prosthesis with the structure of

the bone. The stresses in the prosthesis are distributed to be higher in the prosthesis face than

the prosthesis core. A similar distribution is present in normal bone as seen in chapter 2.

The simulation with the anistropic sandwich face shows small differences in the behaviour of

the bone in the chosen nodes when comparing both woven fabrics. Comparing the simulation

of the woven fabrics with the original state and the isotropic case, a remarkable difference is

seen. The stresses in both cortical bone and trabecular bone in this simulation change less than
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in the isotropic case and are thus more similar to the original state. Especially in the trabecular

bone this difference is seen (figure 3.15). The simulation with the unidirectional reinforced

laminate induces a similar response to the pelvis.
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Figure 3.15: z-component ofthe Cauchy stress ofthe trabecular pelvic bone for a

homogeneous prosthesis, a sandwich prosthesis and a sandwich prosthesis

with anisotropic core.

3.4 Discussion

For both load cases a behaviour of the pelvis is seen that is proportional to the inverse of the

Young's modulus of the prosthesis. This can be explained by a spring model with two serial

springs with different stiffnesses (figure 3.16).

~~P-~"""l~""i-S-~ £1 .1 prosl!fesis

k1 *c1=cr

~£2
k2* (s2-s1)=cr

Figure 3.16: A simplified model ofthe pelvis, kl = stiffness ofthe pelvis,

k2 = stiffness ofthe prosthesis.

The equation of the total model becomes with the formulas of figure 3.12:
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k[+k2
£2=--·a

k1* k2

Considering that kl, k2 » 1 the assumption

(3.4.1 )

(3.4.2)
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can be made. With constant values of a and kl and assumption (3.4.2) expression (3.4.1)

leeds to a behaviour of the strain:

(3.4.3)

With

and expression (3.4.3) for the strain of the other spring, or material, follows:

I-a 1
81:::::;-- ~-

k2 k2

(3.4.4)

(3.4.5)

The real situation is more complex because there are more than two material types and the

geometry is complex.

The behaviour of the pelvis is non-symmetrical for both load cases standing and walking.

While standing the displacement of the right pelvic half is smaller than the displacement of

the left pelvic half. This displacement decreases with increasing Young's modulus of the

prosthesis. Therefore the difference between right and left pelvic half increases resulting in an

increasing strain in the cartilage of the pubic symphysis.

While walking, at 15% of the gait cycle, the strains in the pubic symphysis show an opposite

behaviour. The displacement of the right pelvic half is larger than the displacement of the left

pelvic half. Also here the displacement decreases with increasing Young's modulus of the

prosthesis. The displacement of the right pelvis however decreases more than the

displacement of the left pelvis, thus the difference between both sides becomes less. Therefore

also the strains in the pubic symphysis decrease.

The deformation of the pelvis for both loadcases standing and walking is dependent on the

global stiffness of the total prosthesis while the stresses in the bone depend on both global and

local stiffness of the prosthesis. Here a difference is seen between a homogeneous prosthesis

and a sandwich prosthesis. The stresses in the sandwich prosthesis are lower in the core and

higher in the face compared with the homogeneous case. Because the bone is a sandwich

structure too, it behaves in the simulation with sandwich prosthesis more like the simulation

of the normal situation.
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The analysis at 15% of the gait cycle showed that the stresses in the bone at the interface are

sensible for the material properties and an orientation of the fibers of the sandwich face

because the stress state direct at the interface changes with the material properties and the

fiber orientation of the face. This means that it is possible to influence the stress in the bone at

the interface to be more like the original state by changing the local stress distribution of the

sandwich face at the interface without changing the global stiffness of the prosthesis.

The shift in stresses in the section proximal of acetabulum seen at 15% of the gait cycle, is

probably caused by the change in load and deformation due to the presence of the prosthesis.

The load can be seen as a superposition of a compression force and a bending moment. The

magnitude of both force and moment change when implanting a prosthesis. Both loads change

with different magnitudes. Additional the prosthesis does not allow the faces of the cortical

bone to move relative to each other. This too results in a load in the cortical bone. Both

changes probably result in the shift in stress distribution at the interface.

Generally can be said that independent of the loadcase the stresses and strains do not exceed

the maximum strength and strain values of the bone nor the prosthesis (appendix 8.5). The

decrease in stress is probably a larger problem. A stress or strain free zone could leed to bone

resorption. Therefore the decrease of the stress and strain in the bone should be prevented

when possible. A step in the right direction is the application of low modulus materials for the

prosthesis, polymers instead of metals.



Fixation possibilities

4 FIXATION POSSIBLITIES

4.1 Introduction
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In this chapter possibilities to corm.eet a prosthesis to the pelvis are discussed. A general

picture of the principles of how to transmit load from one to another structure is given in

appendix 8.7.1. Fixation methods of structures which are similar to bone (concerning

geometry) are described in appendix 8.7.2. The structures are hollow shaped structures like

drive shafts, sandwiches and the femur bone. The methods used to transfer loads in these

cases are generalized to connections with the pelvic bone. The connections to the pelvis are

discussed in paragraph 4.2. Two types of these connections which seemed to be best suitable

for application at the pelvis are chosen to consider in some more detail. A discussion of the

influence of these connections, supported by finite element analyses is given in paragraph 4.3.

4.2 Connecting fiber reinforced polymer structures with the pelvic bone

Independent of the load case, the following load initiation methods are in principle applicable

as fixation of the prosthesis to the pelvis:

1. intramedullar pin or stem,

2. collar or plane support,

3. one or both sided shield(s) or laps,

4. screws,

5. combination of these load initiation methods.

The solutions in the fixation problem of shafts, sandwiches and connecting an artificial hip to

the femur can partially be generalized to the case of connecting a pelvic replacement to the

bone.

Examples are seen in pelvic bone replacements [ESKA '94, Howmedica '94] (figure 4.1). The

prostheses are made out of a titanium alloy and consist of a central part which serves as

acetabulum cup. With the cup as basis of the prosthesis, it is build up to the bone by inserts on

the cup's outer surface which achieve a possibility to connect different fixation structures.

These fixation structures are on the outer surface of the bone which are fixed by screws and a

combination of lap joints with an intramedullar pin or stem.
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In the pelvic replacement a plane support is inevitably present when using laps on the outer

surface of the bone. Laps on the inner surface of the cortical bone do not necessarily need a

plane support but destroy the sandwich structure of the bone. The connection between face

and core, or cortical bone and trabecular bone, is cut through by the inner laps.

Interesting fixation methods for the connection to the pelvis are lap joints on the outer

surfaces of the bone, fixation of these laps with screws or bolts, and application of an

intramedullar stem. These fixations can be used in several combinations and positions to each

other at different locations on the pelvis.

The geometry of the section to which the replacement has to be fixed, can differ significantly

depending on the exact resection plane. A section just proximal of the acetabulum for example

has a more or less elliptic shape while a section more proximal in the ilium has about the

shape of and eight. The sections in the superior pubis ramus and the ischium are circular or

elliptic (figure 3.13b).

Looking at the shape of these sections at the pubic ramus and the ischium, more or less

cilindrical respectively elliptic, the same methods as are used in the field of artificial hipjoints

can be applied. The difference is that due to the changing load in time, the fixation also should

account for tensile loads. This can be done by addition of a shield to an already present stem.

To bear the tensile load, the shield is screwed to the bone. The complex deformation of the

pubic symphysis and the bone adjacent to the pubic symphysis however cause problems with

usual implants. The stiffness of a metal prosthesis allows few motion of the pubic symphysis.
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This causes a wringing between bone and prosthesis. Adapting the prosthesis geometry to the

geometry of the bone to obtain a perfect fit and reducing the Young's modulus to about the

Young's modulus of the bone might decrease the motion between bone and prosthesis and

thereby a part of the problems.

At the ilium section the geometry of the ilium wing is important. The form of an eight does

not allow fixation in the center of the eight or the center of the ilium wing. It is known that the

thickness of that part of the pelvis is so thin (a couple of mm) that even light goes through.

The possible lap joints and stem can therefore only be fixed at the medial and lateral side of

the ilium wing in the more hollow shaped and thicker pelvic bone.

An intramedullar stem or stem can not be used without any other fixation. This is because the

stem is not surrounded by cortical bone on every side but on two or three sides by cortical

bone and on two or one side(s) by trabecular bone. A bending of the stem parallel to the

cortical bone is not prevented by the trabecular bone due to the low modulus and strength of

the trabecular bone in that direction. Therefore lap joints are indispensable at this section. Lap

joints also account for bending moments in the other directions.

Figure 4.2 shows the above mentioned possible fixation methods to the pelvis at three

different sections.

Figure 4.2: Fixation methods to the pelvis

The pelvic geometry changes but the principle structure is at every place about the same, a

cortical wall with trabecular bone on the inside. Therefore it is. tried to gain some insight in

the connections by simulation of the fixation possibilities on a simplified model in a 2D plane.
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4.3 Finite element analysis of fixation methods to the pelvic bone

4.3.1 Geometry

A simplified model for the pelvis can be a section of the bone perpendicular to the interface

bone-prosthesis where the concave form is reduced to a beam but the sandwich composition is

maintained (figure 4.3). This beam model distinguishes between the model la with lap joints

and the model 1b with an intramedullar stem and a plane support. The laps ofmadelia have a

thickness of 1mm. A beam of unidirectional CFRP is added between the laps to represent a

screw or insert to prevent the bone from squeezing. The intramedullar stem has the same

height as the laps ofmodella.

A second model is a section of model 1b. The section is above the plane support of the stem

but below the end of the stem (figure 4.3, section AA). This model includes the sacrum, the

ilium and an intramedullar stem. The purpose of the second model is to find out the influence

of the geometry of the stem on the stress state of the trabecular and the cortical bone when

loaded by torsion. The geometry is varied between circular and square shape because the

pelvis does not surround the stem at all sides with cortical bone but has two quasi-parallel

cortical walls.

stem

n
modellb

n
I

modella

sacrum model 2 IA 11t I r.~ r ilium
i \ stem
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section at the pubic bone
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section at the ischium

section at the ilium

Figure 4.3: The models ofthe pelvis. model]a: lap joints, model]b: intramedullar stem,

model 2: section ofmodel 1b
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The models are meshed with 10 layers of orthotropic solid elements to account for the 3D

properties of the anisotropic composite materials. The fiber orientation angle e is defined for

each fixation type (figure 4.4). The material properties are changed as a result of a fictive

change in 8. This allows using the same elements for all materials.

4.3.2 Material properties and boundary conditions

The materials used are the same used before in the simulation of the whole pelvis in chapter

3.3.3. The short fiber reinforced polymer is still modelled as an isotropic material while the

woven fabric and endless unidirectional reinforced polymer are modelled as 3D anisotropic

materials. The cases of different fiber orientation included in the analysis with the composite

materials can be seen in table 4.1. The definition of the fiber orientation angle e can be seen in

figure 4.4.

Orientation of the lap joint insert between laps intramedullar stem

composite materials e [0] e [0] e [0]

woven fabric 0° 45° 0° -
UD-FRP 0° 90° 0° 0°

SFRP - - - isotropic

Table 4.1: Material compositions and orientations ofthe laps, stem and insert

As mentioned before, the material properties are changed to achieve a change in the fiber

orientation. The properties are transformed from the material principle directions to the

desired global direction by using the transformation matrix of which the resulting formulas for

the transformation of the most important, the in-plane, material properties are given below

[Maier '95].

1 _ cos
4

B sin
4

B 1(1 2'V12 J' 2(2<1)-- + +- ---- sm V'

Ex E 1 E2 4 G12 E1

1 _ sin
4

B cos
4

B 1(1 2·v12 J. 2(2(\)-- + +- ---- sm V'

EyE 1 E2 4 G12 E1

(4.1)

(4.2)
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(4.3)

(4.4)

(4.5)

The resulting material properties for the different load cases can be seen in appendix 8.7.

The described diplacements are in case of model la and Ib on the upper side of the beam

(figure 4.9). The described displacements of model 2 are on the sacrum representing the

median plane of the whole pelvis.

insert

~
screw

lap _ .. A

model Ib

stem

A

model 2

Figure 4.4: Definition ofthe fiber orientation angle e

From chapter 3 the stress distribution at the interface implant-bone is known (appendix 8.6).

This stress at the interface is applied as load on the model. In the simplified beam model the

difference between standing and walking is only seen in the forces that apply on the model.

The loads consist of a compression force or a combination of a compression force and a

bending moment (figure 4.5). For each load type, compression or bending, the situation with

the maximum amplitude is chosen (table 4.2).
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Figure 4.5: Dijferent load cases for the load initiation design at the section just proximal of

the bone-prosthesis interface, upper view on the section

Loads compression bending torsion

face core face core

[MPa] [MPa] crc;crt [MPa] G6crt [MPa] [Nmm]

Modella&b -6 -2 -30; 20 -6; 3 -

Model 2 - - - 100

Table 4.2: Loads for the analysis ofthe 2D models

f or the second model a reference torsional moment of 100 Nmm is chosen while the geometry

and material composition of the intramedullar stem is varied. Situations with a circular and a

quadratic stem and with a stem ofwhich the diameter is smaller than the distance between the

cortical bone layers are analysed.

4.3.3 Results

The loads are for all analyses in the y-direction of the global coordinate system. Therefore the

the y-component of the Cauchy stress is chosen to discuss the behaviour of the bone. For the

bending loadcase, the first and third principal stresses are in the y-direction. This seems to be

in contradiction to the definition of the principal stresses at which the principal stresses are

perpendicular to each other at one point. In this model the maximum of first principal stresses

are on the left side of the model while the maximum of third principal stresses are on the other

side (thus not at one point). The first principal stress represents tension while the third
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principal stress represents compression in y-direction. The y-component of the Cauchy stress

makes it possible to present both principal stresses in one view.

Modella

Analysis of model la, with lap joints and insert, showed under compression a decrease in

stress, with respect to the situation without laps, in the cortical bone adjacent to the laps. The

minimum is located in the region ofthe insert (figure 4.6).
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Figure 4.6: Madella, y-component ofthe Cauchy stress, a typical result due to

compression

The load is transfered through the laps and is transmitted to the cortical bone only at the end

of the laps. The amplitude of the stress minimum depends on the Young's modulus in y

direction. An increase in stiffness provokes a decrease of the stress (see also table 4.3). This

decrease in the stress is present for all material compositions of the laps. The decrease is

independent of the mechanical properties but it depends on the larger section surface at the

location of the lap joints.

The stresses in the bone which are not in the region of the laps, have the same magnitude as

the prescribed load at the interface. These amplitudes do not vary with varying Young's
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modulus of the laps and have a magnitude of -6 MPa in the cortical bone and -2 MPa in the

trabecular bone. This agreement is an indication that the laps only have an influence on the

bone which is in contact with or adjacent to the laps.

Analysis oftlie same model, madella, under a bending load showed a load transfer which can

be compared to pure compression. The difference, of course, is that tensile stresses are found

at one side of the model. The stresses away from the laps are the same as prescribed by the

load, -30 MPa and 20 MPa for tension respectively compression.

Modellb

Analysis of model 1b, with an intramedullar stem and plane support showed for the

compressive load a response of the bone which is qualitatively the same for both material

compositions of the stem. In both cases a low stress zone is found. The zone is located at the

cortical bone between the plane support and the end of the stem (figure 4.7). This zone is in

the case of the stem made from UD-FRP larger and has less amplitude than for the analysis

with the stem out of SFRP. The difference of 170000 MPa to 8000 MPa in Young's modulus

in the direction of the load probably causes this behaviour. With increasing stiffness of the

stem a larger part of the load is transfered via the stem into the bone at the end of the stem and

thus less through the cortical bone which results in a stress free zone.
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Figure 4.7: Modell b with a UD-FRP stem, y-component ofthe Cauchy stress

At the crossing from plane support to the bone at which the load is initiated few local stress

peaks are seen. These peaks have a magnitude of about -7 MPa which is about the same as in

the cortical bone that is located away from the stem.

Analysis of the same model, modell b, with the load case bending showed a load transfer

which can be compared with pure compression. The bone adjacent to the stem has a lower

amplitude of stress than the bone at the end of the stem. This decrease in stress is only seen

for the analysis with UD-FRP stem. Thus also here the effect of the stiffness of the stem is

seen. Due to the low modulus of the SFRP stem a decrease of the stress relative to the normal

situation is not seen.

Also here the stresses 111 the bone away from the stem have the same amplitudes as the

prescribed boundary condition for the load independent of the Young's modulus of the stem.
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model material normal at minimum normal situation at minimum

situation

compression bending

I Icomposition Icry [MPa] Icry [MPa] cry [MPa] I cry [MPa]

compo tension compo tension

model1a wfO° -2.5 -10 7

wf45° -3.5 -15 12

UDO° -6 -1 -30 20 -7 6

UD 90° -4 -20 13

modellb SFRP -3 -28 19

UD-FRP -1 -15 10

Table 4.3: y-component ofthe Cauchy stress in the cortical bone for different

materials and load cases

Comparing model la with modellb (table 4.3), when loaded in bending, the effect of change

in material and material orientation on the stress distribution and magnitude shows that an

intramedullar stem with a Young's modulus that is lower than the modulus of the cortical

bone, SFRP, leeds to a minimum in stress decrease. Even for UD 90° lap joint with a low

Young's modulus of 8800 MPa in y-direction this could not be achieved.

When loaded on bending, the lap joints show advantages, especially the woven fabric with a

fiber orientation of 45° and the UD-FRP with a fiber orientation angle of 90°.

One should consider that in this analysis a fiml contact between the different structures is

assumed. In a real structure this is not the case. Thus a tensile load could lead to a gap

between the plane support and the bone when no insert accounts for such loads. In case of an

intramedullar stem this means that the stress disribution could change to peaks at the top of

the stem and a stress free zone at the gap.

Model 2

Analysis of model 2, a section of model 1b with an intramedullar stem, showed that the form

of the stem has influence on the stresses of the spongy or trabecular bone. Assuming a perfect

connection between bone and implant, stress peaks appear in the spongy bone in the contact

area between cortical bone and implant for both shapes of stem (figure 4.8). In case of a
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quadratic formed stem stress peaks of less magnitude than in case of the circular stem occur.

The difference in magnitude is about 30%. The angle <p is the critical angle for the occurrence

of a stress peak in trabecular bone. In case of the circular stem, the angle <p is very small

which result in a stress peak at that location while for the quadratic shaped stem the angle <p

has its maximum of 90° (assuming that the stem is not concave).

The stresses in the cortical bone are higher in case of a circular stem. This could be caused by

the smaller contact area of a circular implant stem with the bone than when using a more

quadratic formed stem.

sacrum

trabecular bone

crc max I

<Jtmax stem
cortical bone

(a)

Gtmax

o

(b)

Figure 4.8: Model 2, stress distributions ofstem ofdifferent geometry loaded on torsion,

(a) analysis ofa circular formed stem, (b) analysis ofa quadratic formed shaft

A next consideration is the fact that the stem need not fit exactly between the inner cortical

bone surfaces. There could be some trabecular bone between the stem and the cortical bone.

The reduced diameter of the stem has hardly any influence on the cortical bone. The

trabecular bone transferes the load from the stem to the cortical bone resulting in higher

stresses in therabecular bone with respect to the adjacent trabecular bone. The increase in

stresses is about 30 to 40%.

When a combination of laps and a stem is applied at the sandwich shaped section of the

pelvis, the torsional load is mainly transfered by the laps and less by the stem. Thus the above

mentioned shape of the stem is of less influence.
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5 CONSEQUENCES OF THE ANALYSIS FOR THE DESIGN AND

MANUFACTURING PROCESS

5.1 Introduction

56

fixation

In this chapter the results of the analyses of the intact pelvis, the pelvis with implant and

fixation methods are discussed to find specifications for the design and manufacturing of a

fiber reinforced pelvic prosthesis.

Consequences of the analyses for the form and composition of the prosthesis are presented in

paragraph 5.2. These consequences are to be seen as specifications for the design.

Consequences for the manufacturing are discussed in paragraph 5.3. The basis for the

recommendations on the manufacturing methods is derived from the type of prosthesis, thus

from the design as discussed in paragraph 5.2, and from conditions of both pelvis and

composite material.

5.2 Consequences and specifications for the design

In the analyses it is implicitly assumed that the prosthesis consists of a core out of one

material which is reinforced if desired. A prosthesis composed of several parts based on the

idea of the modular design principle, for example a cup at the center of the prosthesis with

beam like structures to extract the cup to the bone, has high loads in the prosthesis itself.

Especially at the connection between the cup no.l and the beam noA high stresses in the cup

are seen when no additional reinforcements ofthe cup are applied (figure 5.1 b).

(a) (b)

Figure 5.1: Principle differences in the composition ofa pelvis prosthesis, (a) prosthesis core

composed ofone material, (b) prosthesis core composed ofbasic elements in

the modular design
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A prosthesis which is composed of basic elements in the modular design does not use the

advantages of composites. Each additional joint leads to stress peaks and thus to a weakening

of the structure. Therefore it is recommended for the prosthesis to be composed of a single

pIece.

The analysis of the intact pelvis shows that modeiiing of the pelvis as an inhomogeneous

structure, with cortical bone as face and trabecular bone as core, result in a typical sandwich

behaviour. This means that high stresses occur in the cortical bone and low stresses in the

trabecular bone. For every loadcase the deformation of the pelvis is at a maximum in the

region of the pubic symphysis, the cartilage joint. The complex 3D motion during the gait

cycle is a combination of displacements and rotations in several planes. The prosthesis should

be flexible enough to allow this motion in the region of the symphysis. This complex motion

results at the different interfaces bone-prosthesis in a superposition of several different

loadcases (rotation, compression, tension and bending). The prosthesis should thus be a

compromise between optimal solutions for each loadcase.

Analysis of the pelvis with implant showed that the overall stiffness of the prosthesis has a

large influence on the deformation behaviour of the pelvis. A prosthesis out ofmetal results in

a more severe supression of the displacements of the pelvis than a polymer based prosthesis.

A decrease in the Young's modulus of the prosthesis shows an increase in the displacements.

The displacements of the pelvis with replacement agree with the displacements of the intact

pelvis when the Young's modulus of the prosthesis has a mean value between the Young's

modulus of the cortical bone and the Young's modulus of the trabecular bone. For the material

of the homogeneous prosthesis this means that the Young's modulus should be about 6 GPa.

However one has to be careful with such a conclusion because the analysis is based on the

assumption that most of the pelvis has homogeneous properties..

A sandwich prosthesis with a face of about 6 GPa and a core of 8 GPa does not make sense

and is reaHy more a homogeneous prosthesis. The magnitudes of the stresses in the

homogeneous prosthesis are below the strength of the short fiber reinforced polymer of which

the core could be made of, thus an additional reinforcement -in the form of a woven fabric is

from the point of view of the prosthesis strength not necessary.

Concerning stresses in the bone adjacent to the prosthesis a different behaviour is seen. The

stresses in the cortidl.l bone change when the stiffness of the prosthesis face changes.

Although the stresses decrease they do not result in a stress free zone like in the trabecular

bone. The trabecular bone shows more response on changes in the stiffness properties of the

prosthesis than the cortical bone. This means that the behaviour of the trabecular bone

determines the requirements for the prosthesis. Comparing the simulation of the pelvis with a
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homogeneous and a sandwich prosthesis shows that a sandwich prosthesis results in a stress

distribution in the trabecular bone which has small differences with respect to the nomal

situation. Thus from the point of view of the trabecular bone a sandwich prosthesis is

recommendable. The sandwich composition of the prosthesis causes the load to be transmitted

via the sandwich face of the prosthesis to the face of the pelvis, the cortical bone. This is also

the case in the simulation of the intact pelvis. Thus also from the point of the cortical bone a

sandwich prosthesis is recommendable.

The above given recommendations are based on isotropic materials for both types of

prostheses. Application of anisotropic materials for the face of the sandwich prosthesis makes

it possible to change the stress state at the interface bone-prosthesis dependent on the fiber

orientation. The fiber orientation can be optimized with the result that the stress in the bone

has minimum difference with the stress in the bone in the intact pelvis. The difference in

stress relative to the normal situation is 30-40% for the isotropic face and 15-25% for the

anisotropic face of woven fabric.

A combination of a homogeneous prosthesis and a sandwich prosthesis may be optimal. Here

a homogeneous prosthesis which is optimized for deformation may be combined with a

sandwich structure at the interface to the bone. The sandwich face can be optimized for the

stress state in the adjacent bone. It should be mentioned that the above described

consequences do not account for stress changes at the interface bone-prosthesis due to the

fixation method.

As seen in the analyses of the pelvis with and without prosthesis, the pelvis showed a

sandwich behaviour. Therefore fixation methods used in sandwich structures were used as a

basis for the design of fixation methods for the pelvic bone. The fixations that are discussed

are an intramedullar stem and lap joints. Analyses of both fixations showed that the load is

transmitted by the laps or stem until the end of the fixation. Only at that location the load is

transmitted to the cortical bone. Here the Young's modulus of the fixation determines the area

of the load transfer and the amplitudes of stress maxima and minima. For a high Young's

modulus of both stem and laps, the area at which the load is transmitted to the bone is smaller

than for lower Young's moduli. This also means that the cortical bone has stress minima at the

location of the fixation before the end of stem or lap is reached.

In case of the lap joints these minima can be increased by decreasing the Young's modulus in

the direction of the principal stress. The modulus should have about the same value as the

modulus of the cortical bone. Here the unidirectional reinforced polymer with a 90° fiber

orientation and the woven fabric with a 45° orientation are promising. A decrease in the

Young's modulus over the length of the laps may increase the area of load transfer at the end
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of the lap but with an already low Young's modulus of the laps the effect of this decrease is

probably small. A better result may be an application of a compression load perpendicular to

the surface of laps and bone to increase the contact between bone and lap. An insert can be

used here to prevent the bone from squeezing when the laps are screwed to the bone (figure

5.2). The insert guarantees a certain distance between the laps while the screws can be

tightened without overloading the bone. Due to the smooth surface of the insert no stress

peaks occur in the bone as is the case when the screw has direct contact to the bone.

trabecular bone

screw

insert

screw

-- cortical bone

prosthesis core

sleeve

Figure 5.2: A possible connection ofthe core ofthe prosthesis to the load initiation

An intramedullar stem in combination with a plane support showed under a bending load

small influences on the cortical bone when the Young's modulus of the stem is lower than the

Young's modulus of the cortical bone. The assumption in the analysis of a perfect contact can

partially be reached by applying a weaving over the stem. The structure of the weaving

increases torsional strength of the stem and the bone ingrowth [Siebels '92]. Application of

lap joints in combination of the stem reduces the necessity for the stem to transmit torsional

loads because the laps take care of that. The stem is then a pin which serves more as aim

device to reach a predefined position of the prosthesis.

The nonuniform thickness of both cortical wall and trabecular bone, and the concave form of

the ilium, cause additional demands to the geometry of the fixation. Additionally there are

different load cases in time and at certain locations. For each section and for each load a

different fixation method would be best, but only one fixation at one location can be

implanted. Thus the interface between implant and bone should be a compromise between

optimal solutions for several different load cases. A quasi isotropic laminate, as lap for
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example, leads to an enablement of more different load initiation cases. Especially the laps

should have a shape which is adapted to the geometry of the bone to have a good contact on a

large surface. This results in some extra requirements for the manufacturing which is

described in the next paragraph.

This work did not discuss how to connect the load initiation structures to the prosthesis core.

A suggestion is to create a standard connection which only differs in size but not in method.

An example can be seen in figure 5.2. When the laps have a concave fonn, for example at the

lower ilium, the left and right lap should be out of two separate parts in stead of one cup-like

part. Both laps could be inserted in a sleeve and screwed together. This could be done for any

shape of the laps.

An overview of specifications and recommendations for the design of a pelvic prosthesis is

given in table 5. L

Consequences for the design Comment

1 Geometry

The prosthesis should exist out of an one- No stress peaks and weak joints in the prosthesis

piece core of one material

The overall stiffness of a homogeneous This is a mean value of the stiffness of cortical

prosthesis should be about 6GPa bone and trabecular bone

Apply a reinforcement at the prosthesis in This increases the strength of the prosthesis at the

the fixation region interface and decreases the difference in stress in

the bone with respect to the stress in the bone of

the intact pelvis

Smaller or equal to the original bone By using the eT-scans as boundary for the

geometry prosthesis

Low friction or smooth surface where With a SFRP prosthesis this IS inherent to the

nerves are adjacent to the prosthesis material

Use the lap fixation composed ,of a The lap is a connection that can be adapted to the

combination of woven fabric 45° and UD- pelvis regardless the position on the pelvis

laminate 90°

A tight junction of the laps with the bone by Due to an insert the laps can be tightened without

an insert squeezing the bone
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Decrease the thickness of the lap to the end This realizes a load transfer over a larger surface

ofthe lap and a possible less stiffness bound

The laps should have no weaving The outside surface of the bone has different

I I Icon~itions for bone ingrowth, weaving might be to

rougn

An intramedullar stem composed of short The Young's modulus of the stem should be lower

fiber reinforced polymer than the Young's modulus of the bone

A weaving over the stem This increases the bone-ingrowth possibility due

to the rough surface of the weaving

2 Material

Short carbon fiber reinforced medical This has a very low Young's modulus with an

polymer adequate compression strength

Unidirectional carbon fiber reinforced As insert and screw and an eventuelly local

medical polymer reinforcement of the prosthesis at the interface

0°/90° Woven fabric As lap due to the allowance of holes in this

material and the possibility to achieve a quasi-

isotropic laminate

Table 5.1: Overview ofconsequences for the pelvic replacement

5.3 Consequences for the manufacturing method

A prosthesis comprising several components with the cup as a center needs more different

types of manufacturing methods, more steps in the production and thus costs more time than a

prosthesis out of one material. For t.~e latter the pa..rt of the prosthesis which has direct contact

to the bone still has to be manufactured in additional steps, but this is independent of the

manufacturing of the center part of the prosthesis. Thus the manufacturing method is divided

into two parts:

1. manufacturing the core of the prosthesis,

2. manufacturing the fixation to the bone.

Two methods suitable for manufacturing the core of the prosthesis are compression molding

and injection molding. Injection molding is less suitable than compression molding due to the

low piece number of the prostheses. The compression molding process has the advantage that

the same machine as is already used to produce SFRP cups can be used to manufacture the
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prosthesis. This also means that the experience with the manufacturing of the cups can be used

in the manufacturing process of the core of the prosthesis. The difference with the

manufacturing of the prosthesis core is a modification in the production process. For every

new implant a different press form of the prosthesis is needed. This is a problem but the

problems that we are facing with a modular design are larger. Choosing the prosthesis core to

be composed of one material means that the press form in the compression molding process

has to be adjusted. A model of how to produce a prosthesis by compression molding can be

seen in figure 5.3.

The geometry of the prosthesis is determined by CAD processing of computer tomography

scans of the pelvic bone. These CAD data are prepared for the CNC milling of the tool out of

polyurethane or glass particle reinforced epoxy resin.

The constant surface quality of the cup, a necessary requirement because this surface is in

contact with the femur head, is reached by a metal basis. Eventually this metal basis can be

varied in position to reach a variable position of the cup (figure 5.3). Reinforcements on the

complex 3D prosthesis structure of the core can best be done by hand lay-up followed by

curing in a vacuum bag.

F

=PUform

= base of tool

[ll]= press

• = cup rotation device

m=SFRP

_________..-.1

Figure 5.3: Compression molding ofthe core ofthe prosthesis, ~=90o-inclination angle of

the cup

A stem out of the same material as the core can be included in the compression molding of the

core. This results in an optimum connection between core and stem. To obtain a better contact

to the bone, a weaving is drawn over the stern. To do this an additional step is needed. A

duplicate stem has to be made which has no contact with the prosthesis core. The weaving is

formed on this stem and is changed afterwards to the stem on the prosthesis. The change

however must be before curing the weaving.
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Lap joints which should have the geometry of the bone can be made by hand lay-up on a

model of the pelvis. This model is a plaster cast from a foam model of the pelvis or a milled

model made by the same procedure as the model of the core of the prosthesis. The CAD

method allows us to include the connection between laps and core in the mill model. The

woven fabric is applied by hand lay-up while an eventually present unidirectional reinforced

polymer can be applied by filament winding. The following curing process happens in an

autoclave or vacuum bag.

The inserts and screws are made in a standard pultrusion process. The inserts can be provided

with a weaving to increase the possibility of bone ingrowth. An overview of the ~whole

manufacturing process can be seen in figure 5.4.

ICADICAE model I
I

ICNC milling I

PU model of core

compression molding

curing

PU model of bone at interface

hand lay-up I filament winding

vacuum bag

boring I sawing I finishing

I assembly I

I

boring I sawing I finishing

I inserts and screws I

I prosthesis I

Figure 5.4: Flow chart ofthe manufacturingprocess for a new pelvic prosthesis
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The first objective of this thesis was to analyse the intact pelvis and the pelvis with an

implant. For this a 3D finite element model of the pelvis was developed. The 3D model of the

pelvis made it possible to gain insight in some of the mechanical characteristics of the pelvis.

One has to bear in mind that the model is a simplified version of the real situation with many

uncertainties with respect to boundary conditions and material properties of the pelvis.

Moreover there is no experimental validation of the model. Nevertheless the results of the

analyses without and with pelvic prosthesis can be compared within the range of this

simplified model. With respect to the model qualitative conclusions can be drawn.

The difference in stress distribution of the analyses between a sandwich pelvis, with a core of

trabecular bone and a face of cortical bone, and a homogeneous pelvis showed that especially

the sandwich feature is an important step forwards in the development of a 3D pelvic model.

Although in this model the cortical bone has a constant thickness which at some locations is

too thick and at other locations too thin with respect to the real bone, the stresses do not

exceed the strength of the bone. The model shows similar behaviour compared to other

models in literature. For these models experimental validation is done neither. However the

similarity is an indication that at least the assumptions within this model do not lead to

extravagant results.

The second objective was to analyse how forces are transmitted with different fixation

methods. Two possible connections to fix the prosthesis to the bone are studied. The models

used in the analyses are simplified sections of the pelvis. This is a simplification of an already

simplified model of the pelvis but it gives some idea of the load transfer at the transition area

between prosthesis and pelvic bone.

As is also the case in the model of the whole pelvis, the magnitudes of the stresses are difficult

to interpret with respect to the stresses in the real human pelvis because no validation on a real

human pelvis took place. Therefore the stresses under different load situations can only be

compared to each other or to the reference model of the pelvis.

The recommendations made in chapter 5, the third objective, are based on the analyses of the

pelvis with and without pelvic prosthesis and on the analysis of the load transfer at the

transition of the prosthesis to the bone. Here no final design is made but specifications are

given in the field of properties that the prosthesis should have. This is done because the

location of the resected bone depends on the location of occurrence of a malignant tumor

which can be anywhere in the pelvis. The geometry of the prosthesis is thus different for every

case. The recommendations made in chapter 5 are based on a case which occurs more
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frequently than others. The sections of the transition areas of bone to prosthesis are chosen so

that most of the recommendations for the prosthesis can be generalized to other sections. One

should realize that the recommendations depend on the behaviour of this simplified model of

the pelvis.

A future development may be a refining of the model of the pelvis. The generation of the

mesh for such a complex 3D structure is very time consuming. In a process to design a

prosthesis within a short time the used meshing methods in this thesis last too long. Therefore

a procedure has to be developed which automizes the meshing. This meshing should include

the sandwich composition of the bone. Also the simplified material properties could be

improved. The Young's modulus, for example, may be chosen dependent on the density

[Dalstra '93] with the option to include anisotropic behaviour of the bone.

The finite element mesh has as an implicit property that the contact between the different

materials and parts is perfect. In the real situation this is not the case. It might be an advantage

to model this imperfect contact via contact analysis.

The analysis of the pelvis is one of the first steps in the whole process of development of a

pelvic prosthesis. Next steps could be the analysis and manufacturing of some prostheses and

the testing of these prostheses. The results of the mechanical testing could then be compared

with the analyses to form an iterative process in the design of a pelvic prosthesis. Here the

analysis of the pelvis without and with prosthesis could also be implemented into this iterative

process to give boundary conditions for the design of the prosthesis.

In the analysis of the pelvis with implanted prosthesis it is demonstrated that the stress state in

the pelvic bone changes due to the presence of a prosthesis. Some fundamental research is

needed to obtain insight in the margins of these changes.
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8.1 List of used symbols, indices, units and abbreviations

F [N] Force

Bw [kg] Body-weight

Lw [kg] Weight of one leg

M [Nm] Moment (Torque)

(J [MPa] Stress

T [MPa] Shear stress

E [%] Strain

d [mm] Displacement

p [g cm-3] Density

E [MPa] Young's modulus

G [MPa] Shear modulus

v [-] Poisson's ratio

ex [0] edge angle between two surfaces

e [0] warp angle of an element face

~ [0] inclination angle of the hip cup

k [Nm] Spring constant

Indices:

x,y,z

1,2,3

r

c

t

in x,y,z-direction of the global coordinate system (force, stress, displacement),

around x,y,z-axis (moment)

in x,y,z-direction ofthe local element coordinate system (force, stress,

displacement), around x,y,z-axis (moment)

in 1,2,3-direction (force, stress, displacement), around 1,2,3-axis (moment)

resultance

compreSSiOn

tension
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Abbreviations:
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FRP

CFRP

SFRP

UD-FRP

UD

WF

NMR

CT

PVD

CVD

CAD

CNC

Fiber Reinforced Polymer(s)

Carbon Fiber Reinforced Polymer(s)

Short Fiber Reinforced Polymer(s)

Unidirectional Fiber Reinforced Polymer(s)

Unidirectional

Woven fabric

Nuclear Magnetic Resonance

Computer Tomography

Physical Vapour Deposition

Chemical Vapour Deposition

Computer Aided Design

Computer Numerical Controlled

8.2 Overview of medical terms and definitions

1! '" I ~
~

;;; .... i.!!! E

distal

~
~

~.=--.,
'--.. J

I .

F Coronal plait.

Figure 8.1: Definition ofdirections and planes [Kaddick '94, Wainwright '76]
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Abductors

Adductors

Antagonist

Anterior

Coronal plane

Distal

Dorsal

Frontal plane

Horizontal plane

Insertion

Lateral

m.

Medial/median

Median plane

Origin

Posterior

Proximal

Resection

Resoption

Sagittal plane

Transverse plane

Ventral

73

Muscular system which causes a movement away from the body or

the median line

Antagonists of abductors

A muscle which exerts an action opposite to that of another

Situated at or directed toward the front; opposite ofposterior

Plane perpendicular to both transverse plane and sagittal plane

Farthest from a point of refence, as from a center, the median line or

point of attachment

Situated on or directed toward the back surface; opposite of ventral

Plane perpendicular to both transverse plane and sagittal plane

Plane extending from side to side, situated at right angles to the long

axis of the body and diving the body in aupper halve and a lower halve

A beginning or end ofa skeletal muscle that is moved when the muscle

contracts

Pertaining to or situated at the side

musculus, muscle

Pertaing to or situated at the side

Plane dividing the skull anteroposteriorly into two symmetrical halves

A beginning or end of a skeletal muscle that remains relatively fixed

when the muscle contracts

Situated at or directed toward the back; opposite ofanterior

Nearest to a point of refence, as to a center, median line or point of

attachment

Partial or complete removal of ill organs

Decomposition (of bone)

Plane parallel to the median plane

Plane parallel to the horizontal plane

Situated on or directed toward the belly surface; opposite of dorsal
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Acetabular
fossa

Superior
ramus
of pubis

Pubic
tubercle

Obturator
crest

Body of pub
Obturator
foramen

Ramus of
ischium

Anterior gluteal
line

~;,~"/:::::::'
-C) '-~~~;;~:

iliac spine

Anterior
inferior
iliac spine

Inferior glut.
line

Lunate surfa

lschiaf
tuberosity

Ilium

Innominate
(as coxae)

Pubis

Pelvic outlet

Obturator
foramen

Lateral

Figure 8.2: The pelvic bones

ObliQuus
externus

ObliqUUS
internus

Iliolumbar
ligament

~~~::,....

SocrospinOlJS
ligament

Sacra - tuberous
li90men't

PubiC
symphysis

Figure 8.3: Muscle attachment locations on the pelvis [Goel'77}
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8.3 Verification of the pelvis model

8.3.1 Numerical verification

75

In the creation of 8-noded elements, hex elements, there are several demands with which the

elements should agree for the calculation to be numerically stable or even to be possible. The

criteria used were the control of the aspect ratio, the twist angle, the edge angle and the warp

angle. The aspect ratio is calculated as the ratio of the distance benveen opposing faces, where

the twist angle is the rotation of a faceof a solid element with respect to its opposite face.

For the model of the pelvis, the critical demands are the edge angle ex and the warp angle e
(figure 8.4)

,-----------------------_._--------------...,

Max (90°- a)

Edge Angle = Max ( 90° - a)

Edge Angle Factor =[Max (90° - o.)J/900

Node 4

Edge 4~..J..%(~............ Edge 3

;</<... ..y.:~(
X,. .... >!,' NOde 3Node1l::: '.... .... x ...
~. . .'

Ed~ ) -Ed'"

~ ...• Node 2
~ -'Y...•../~

6=Sin·1 -+ ~}~
L- ----' ----' --'

Figure 8.4: Definition ofthe edge angle a. and the warp angle e

The edge angle ex is the absolute value of the angle between two faces that meet at an edge of

a solid. The optimal value of the edge angle of a hex element 1S 90° a..'1d the range for which

the errors in the calculation are still negligible is 90 ± 45°.

The warp angle e is calculated for each face of a solid and is defined as the largest angle

between a face and the plane perpendicular to its normal (figure 804). The range for which the

errors in the calculation are still negligible is -15° < e< 15°.

When one or more layers of elements contain 8-noded hex elements of which the edge angle

or warp angle is too large, these layers are meshed again. When then even application of

subsurfaces has not the predicted effect, the hex elements are divided and replaced by two 6

noded wedge elements. When these wedge elements also are bad shaped, they too are divided

and replace by three 4-noded tetraedal elements. Doing so, the pelvis has a total of about 4600
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elements of which 5% are tetraedal elements and the rest are hex or wedge elements. Hex and

wedge elements are in the FE program the same type of solid element.

8.3.2 The stability of the modei

To verify the stability of the model and the boundary conditions the reaction of the model to a

small change in the boundary conditions is considered. A small change in the described

displacements for example should not lead to large changes in stresses and strains when

geometry, material properties and loads are kept the same.

Also should a small change of A% in the load leed to a change of A% in the stresses and

strains due to the linearity of the model. This should be for both load conditions, standing and

walking. With regard to these changes the results of the calculations show the expected

behaviour (table 2.2).

Model <Jl max [MPa] <Jlmin [MPa] dmax [mm]

Standing on two legs 2.98 -0.31 0.062

Stand: ~surface of fixation 2.98 -0.31 0.058

Stand: ~surface of force 3.01 -0.31 0.063

Stand: force+3% 3.12 -0.32 0.064

Walk: 15% of the gait cycle 74.1 -1.95 1.67

Walk: ~surface of fixation 74.0 -1.94 1.70

Walk: forces+3% 76.3 -2.01 1.72

Tabie 8.1: Results ofthe verification calculations for standing and walking

The representation of the femur head results in two extreme cases concerning the described

displacements at the acetabulum surface (figure 8.5):

1.

2.

A rigid fixation: the displacement dx y z is surpressed in every direction, ,
A 'free' fixation: the displacement dy,z is surpressed while the displacement dx is

left free.

These cases are the extremes of the real situation. In the real situation the described

displacements are not fully surpressed nor left free but somewhere in between. This is due to
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the flexible support of the leg which can be seen as a beam that is rigidly fixed at the ground

by the foot and loaded on bending at the top, the femur head. The leg offers a certain

resistance to the bending, thus the described displacements of the acetabulum should be

somewhere between the extreme conditions. This flexible support is not modelled but a choice

is made between the two extremes.

~ ~ 1

1 pelvis 1 l pelvis 1<Jz <J:y

(a) (b)

Figure 8.5: Boundary conditions ofthe pelvis while standing on two legs

The results of a FE-analysis of both rigid and free fixation show some differences in

deformation, stresses and strains and in the location of occurence of the maximum stresses

and strains. The difference however is not that large.

This is probably caused by the direction of the reaction force at the acetabulum surface, which

is for the largest part in the z-direction. The strains in the cartilage of the pubic symphysis in

the case of the second extreme support are about 10%.1 higher than the strains in case of the

first, rigid, support. Also the displacements in that region are about 10% higher.

The deformation of the sacrum in the second case however is not very realistic. The

combination of absence of modelling of the iliosacraI joint and the ability to move free in x

direction causes the sacrum to rotate to the front and bend extremely downwards. This

deformation causes additional stresses in the region between sacmm and acetabulum which

are not seen in the case when the described displacements are surpressed in every direction.

Therefore the first case of surpression of the displacements in all directions is chosen for the

simulation of standing.
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8.4 Loads and forces working on the pelvis model
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right leg left leg right leg left leg right leg left leg

% gait cycle 15% 39% 53%

Fx -0.4 0.12 0 0.05 0.17 -0.3

Fy -0.6 0.09 0.3 -0.15 -0.8 -0.16

Fz 4.8 0.44 3.7 0.23 1.5 3.4

Fr 4.8 0.46 3.7 0.28 1.7 3.4

Table 8.2: Hip joint reactionforces (times bodyweight [kg)) relative to the acetabulum at

three positions ofthe gait cycle [Seireg '75}.

forces per leg right leg left leg right leg left leg right leg left leg area ratio

% gait cycle 15% 39% 53% -

abductor group 189.7 16.0 145.4 13.6 1.0 54.0 20

adductor group 0 0 0 4.9 5.1 80.0 10

hamstrings 191.3 44.2 143.2 0 130.8 6.0 10

quadriceps 95.8 12.1 0 3.18 0 333.0 4

gracilis 0 0 0 0 7.1 51.1 4

sartorius 0 0 60.1 20.1 24.0 102.9 4

ffi. glut. maximus n 1.2 0 0 0 0 4v

Table 8.3: Forces (in % ofbodyweight [kg)) and area ratios ofactive muscles at I5%,

39% and 53% ofthe gait cycle [Seireg '75}.
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8.5 Material properties

Iproperty short carbon Iunidirectional Ifabric-carbon IEpf-Resin II FRP IFRP IFRP I
(isotropic) (orthotropic) (orthotropic) (isotropic)

Ell [MPaJ 8000 170000 45050 3100

E22 [MPaJ 8800 45050

E33 [MPaJ 8800 7400

G12 [MPaJ 2900 5500 3060 1200

G13 [MPaJ 5500 1900

G23 [MPaJ 3400 3060

v12 [-] 0.37 0.26 0.04 029

vB [-] 026 0.08

v23 [-] 029 0.08

alc [MPa] 220 1400 435 130

a2c [MPa] 140 435 130

alt [MPa] > 50 3000 435 100

a2t [MPa] 80 435 100

ILS [MPa] 100 -

'tI2 [MPa] 7() 61IV

-
dc [%] 4 4.5

E2c [%]

E1t [%] 1.5 4.5

E2t [%] 0.5

p [g*cm3] 1.6 1.6 1.6 1.3

Table 8.4: Stiffness and strength properties ofcomposite materials

79
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8.6 Figures
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Figure 8.16:
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Figure 8.18: ::-component of the Cauchy stress at 15% of the gait cycle, simulation with a
homogeneous prosthesis (£=8000 MPa), rear view
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Figure 8.19: Occurrence of local extremes, (a) front view, (b) view of sections with nodes
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8.7 Introduction to load initiation

8.7.1 General fixation possibilities by means ofload initiation

92

Contact or fixation structures can be divided into 3 different categories based on the working

principle:

1. force conclusive contacts

2. form conclusive contacts

3. material conclusive contacts.

In figure 8.24 a systematical diagram with several contact types is shown. Some structures

combine 2 types of categories in one contact, Le. screw contacts.

I
I wedging

II cone joints

L-__~ ~I ,------------

rivet joints

screwed connection

______t~~ _
I

I
! joints: with springing linY,].

I

I
joints- with material strange additives I

I

! joints with material identical adili,tivffi \

soldering joints

_____ L ,
, I

adhesive joints I

I I

! - - - - - - - ~ - _I

welding. joints,
! - - _.- -- -- - - -_\

Figure 8.24: Systematical overview ofpossible joining techniques [Steinhilper '82J

The most simple, oldest and cheapest joints are form closure joints. To these kind of joints

forces and moments are introduced by the interlocking of the seperate parts. The forces and

moments are introduced into these parts as normal forces by compressive stresses in the

contact planes and as shear forces by shear- and transverse stresses.
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Force closure joints connect two parts actuated by frictional adherence, by gravity or by

springs. The forces and moments are introduced by friction forces into the contact planes by

compressing the parts. An advantage of force closure joints to form closure joints is the better

dynamical stability. A disadvantage is that force closure joints need to be preloaded with a

stress which is larger than the motive stress.

Material closure joints are in principal joints with additives. These joints can't be removed

without destroying the original material. The additives can be material different or material

identical. Examples of these kind of joints are adhesive, soldering and welding junctions. In

relation to the load capacity these joints are ofminor weight.

In connecting fiber reinforced polymers (FRP) to bone, load initiation to both materials, bone

and FRP, have to be considered. From the point of view of the bone, a quasi material closure

with additives is achieved by coating the FRP with, for example, hydroxyapatite. The bone

tends to grow in the coating, but no data about the quality of this connection in combination

with FRP is available so this type of connection is not discussed in this work.

Initiation of loads into FRP's detennine strongly the form of the construction. Optimized

structures concerning load initiation result in a laminate layer structure which is optimized for

this load but not optimized for the remaining part of the function of the construction.

Therefore load initiation structures out of FRP as part of a larger structure, the prosthesis,

should be considered as an important part in the development process.

The loads are mostly being initiated concentrated on one point or a small surface resulting in

high local stresses and strains. To prevent high stresses, the contact surface should be

enlarged. A laminate that is quasi isotropic lead to an enablement of different load initiation

cases and is better able to deal with three dimensional stress distributions.

A material conclusive, adhesion, is usuable, for example in combination with another

principle. The creep behaviour of FRP's under higher temperatures restrict the field of

application. As mentioned before adhering of bone is not considered.

Pure force conclusive solutions can be used on limited scale because of microcracking and

yield behaviour. Under large load situations, stresses can be reduced by introducing the load

on more points or via large surfaces. When the application of large surfaces is impossible,

load can be initiated with a form conclusive solution like for example bolt and pin joints or by

combinations of form and force conclusives.

It should be mentioned that the boundary conditions on the prosthesis caused by the bone

could change by remodelling of the bone. From other areas of implants, for example hip
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implants, it is known that this bone remodelling can cause large problems. This remodelling is

not explicitly discussed in this thesis.

8.7.2 Load initiation to hollow shaped structures

Bone can be seen as a kind of hollow or sandwich structure. Therefore it is interesting to look

at fixations which are applied at hollow shaped structures like shafts or sandwiches. Also

solutions from the field of artificial hip implants is considered based on the idea that some

fixation possibilities can be generalized to the pelvis replacement.

Shafts or drive shafts out of fiber reinforced polymers are connected to hubs or axes using

several methods based on the before mentioned working principles or a combination of these

principles. The most common methods are adhesion, press-fit, non-cylindrical shafts, surface

treatment and combinations of these methods (figure 8.25).

is

haft

adhesion

haft

t

collar

haft

7Sril1g

surface treatment

Figure 8.25: Load initiation on (drive) shafts, (a) adhesion, no collar or plane support

(material conclusive), (b) adhesion, collar or plane support (material andfrom

conclusive), (c) collar or plane support and a press ring (from andforce

conclusive)

Adhesion is often seen in connecting shafts to axes but is at this moment not of interest to

connect a fiber reinforced polymer structure to a bone structure. A collar is used as basis to

achieve a predefined position of the shaft and to transfer compression loads. Also a collar is

automatically present when the shaft is on the inside of the joint, for example when a press

ring is used in combination with an inner adhesion joint to fix the axis. The surfaces of one of

the structures that have to be connected are often treated. The surface could be coated or

rough-textured to generate a combination of force and form conclusion.
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To prevent rotation of the shaft relative to the axis, the geometry of shaft and axis can be

chosen non-cylindrical, for example a polygonic shape.

A common load initiation in case of sandwich structures is a lap joint. The lap joint can be one

or two sided on the outer or irJ.n.er side of the sandvv'ich faces. These lap joints are cop...nected to

the sandwich by adhesive bonding or by local inserts like bolts and pins. A problem of local

connections is that they penetrate the total sandwich and can squeeze or crush the sandwich

when tightening [Hertel '80]. To prevent the sandwich from squeezing, the sandwich core is

reinforced at the point where the bolts, screws or pins penetrate. This is done by reinforcing

the core with resin or bushes.

With one-sided lap joints there is the problem of transferring torsion moments. This can be

solved by using two-sided lap joints or by using bolts or pins. Using bolts or pins however is

not useful in every case because ofthe direction of the torsion moment (figure 8.26).

(a)

lap joint -- ')

~
(b) (c)

Figure 8.26: Behaviour oflap joints loaded with a torsion moment when no adhesive

bonding is applied, (a) a positive torsion moment causes loosening ofthe lap

from the section, (b) a negative torsion moment causes loosening ofthe lap

from the face, (c) double sided laps prevent loosening

The principle methods used in the above mentioned applications are also used in the

application of hip implants (figure 8.27). The femur head is replaced by an artificial head.

Almost all heads are fixed by a stem which is fitted into the inner part of the femur.

A press-fit to the bone can be reached by using a somewhat larger diameter of the stem or pin.

Due to the creep and relaxation behaviour of the bone the press-fit becomes less strong in time

and thus the connection becomes worse.
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The surface of the stern is treated to be porous or raw to enlarge the implant-bone contact

surface and to allow the bone to grow into the porous implant surface to achieve a good

connection between implant and bone. This is often applied in combination with a press-fit. A

press-fit allows no motion between the contact surfaces of the bone and implant which is one

of the conditions for bone ingrowth. When the bone has grown into the porous surface layer

this new contact will transfer the load. Thus a change in load transfer from force conclusive to

form conclusive occurs. In this case the quality ofthe press-fit has become less important.

Implants with a collar at the resection plane of the femur have a defined position but the load

is for the largest part concentrated and transfered through the collar to the proximal part of the

femur bone. At that point the stress/strain state is in some cases changed in such a way that

bone resorption occurs with as an ultimate consequence a probable loosening of the

prosthesis. When no collar is available on the implant a defined position is reached with a

press-fit. In this case the stresses of the press-fit grow less over the time due to the creep and

relaxation. This may cause the prosthesis to move further into the femur stern. The before

mentioned change in load transfer due to bone ingrowth however could have a positive effect

on the motion of the stem. A stepwise reduction in the section or diameter of the stem for

example, is a solution to change from shear load to compression loads (figure 8.27) to prevent

the stem from moving further into the femur.

Figure 8.27: Differentfixations ofhip implants [Hipp '92]
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8.8 Computer programs

8.8.1 Program to close open ended curves

#include <stdio.h>
#inc1ude <stdlib.h>
#include <string.h>
FILE *in, *out;
int count = 0;
char s[1 00];
char storage[100];
char last[1 00];
char help[40];
char text = 1;

char * adjust (char *s) {
sprintf (s+(strlen(s)-7),"%5d\015\n",++count);
return s;

}

char * comma (char *s) {
char *c;
c = strrchr (s,' ')-1;
while (*(--c) ==' I);
*(++c) = I,';
return s;

}

char * notcomma (char *s) {
char *c;
c = strrchr (s ' ,)., , . ,
*(c)=";
return s;

}

void textaftertext (void) {
char *c;
int x;
#ifdef debug

printf ("in textaftertext\n");
return;

#endif
if(c = strstr(s,"PSET/"» {

c = c + 5;
x = strtol (c,NULL,10)+1;
sprintf(c "%1d "x),, '"

97
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if (x > 9)
sprintf (c, "%2d," ,x);

if (x > 99)
sprintf (c "%3d " x)", '"

if (x > 999)
sprintf (c "%4d " x)"'" ,

if (x > 9999)
sprintf(c "%4d " x)o, '"

*(c+strlen(c)) =' ';
}
fprintf (out,adjust (s));

}

void numberaftertext (void) {
#ifdef debug

printf ("in numberaftertext\n");
return;

#endif
strcpy (storage,s);
strcpy (last,s);

}

void numberafternumber (void) {
#ifdef debug

printf ("in numberafternumber\n");
return;

#endif
fprintf (out, adjust (last));
strcpy (last,s);

}

void textafternumber (void) {
char *c;
int x;
#ifdef debug

printf ("in textafternumber\n");
return;

#endif
fprintf(out,adjust (comma (last)));
fprintf(out,adjust (notcomma (storage)));
if (c = strstr(s,"PSET/")) {

c = c + 5;
x = strtol (c,NULL,lO)+l;
sprintf(s "0/{ Id "x)o, 0 " ,

if (x > 9)

98
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sprintf (c,"%2d,",x);
if (x > 99)

sprintf (c "%3d " x)o, '"
if (x > 999)

sprintf(c "%4d " x)o, '"
if(x> 9999)

sprintf(c "%5d " x)o, '"
*(c+strlen(c» =' ';

}
fprintf(out,adjust (s»;

}

int main(int argc, char **argv) {

if (argc != 3) {
printf ("Usage %s [input file] [output file] \n" ,argv[O]);
exit (0);

}
if (!(in = fopen (argv[1 ],"r"») {

printf ("Input file could not be opened !\n");
exit (0);

}
if (!(out = fopen (argv[2],"w"») {

printf ("Output file could not be opened !\n");
exit (0);

}
while (!feof(in» {

[gets (s,lOO,in);
#ifdef debug

printf ("%d\n" ,strlen(s»;
#endif

99

if «strcspn
(s,"*yxcvbnrnasdfghjIdoaqwertzuiopliYXCVBNMASDFGHJKLoaQWERTZUIOPli"))<strlen
(s» {

if (text)
textaftertextO;

else
textaftemumberO;

text = 1;
}
else
{

if (text)
numberaftertextO;

else
numberaftemumberO;
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text = 0;
}

}
fclose (in);
fclose (out);

}

8.8.2 Program listing of an ANSYS input file

IBATCH
INOPRINT

IPREP7
SHPP,WARN
INERR, 10000, 10000
!
N, 1,31.72341, 137.5917, -465.7875
N, 2, 32.83181, 139.2128, -465.7921

N, 5266, 162.5000, 108.9677, -483.9394
N, 5267, 162.5000, 121.7375, -484.5631,
ICOM Defining Element Types,
ET, 1,45,0, 0, 0, 0, 0,0
ET, 2,92, 0, 0, 0, 0, 0, 0
!
ICOM Properties for material "iso_cortical_bone"
MP,EX,2,17000.
MP,PRXY,2,0.3
ICOM Properties for material "iso_spongy_bone"
MP.EX3,1000.
MP,PRXY,3,O.2
ICOM Properties for material "cartilage"
MP,EX,4,14.
MP,PRXY,4,0.48,
ICOM Element props and connectivity for Region:spongy,
MAT, 3
TYPE, 1
EN, 5, 543, 718, 716,542,540, 702, 701,539
EN, 6, 717,550,551, 720, 716,542,543, 718

100
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E1'J,4320, 4751, 4630, 4757,4633
E1'J,4334, 4757, 4630,4634, 4633
I

ICOM Element props and connectivity for Region:cortical
!
MAT, 2
TYPE, 1
E1'J, 1,543,542,550,551,544,381,386,552
E1'J,2, 543, 551,720,718,544,552,721,719

E1'J, 4455, 4971, 4916, 4974,4974,4976,4918,4975,4975
E1'J, 4475, 2061, 2045, 1835, 1835,2073, 1845, 1836, 1836
TYPE, 2
E1'J, 15, 1106, 1104, 1127, 1336
EN, 26, 1107, 1103, 1105, 1319

E1'J, 4474, 2045, 2073, 1845, 1847
E1'J, 4477, 2045, 2061, 1847, 1836
f

ICOM Element props and connectivity for Region:symphys,
MAT, 4
TYPE- 1
EN,4580, 4345, 4374, 4479,4378, 5233, 5234,5237, 5236
EN, 4581, 5233, 5234, 5237,5236,4347,4376,4480,4381

E1'J, 4588, 4483,4484, 4485, 4485, 5240, 5241, 5242, 5242
E1'J,4589,5240, 5241, 5242,5242,4495,4635,4636,4636
I

ICOM Element props and connectivity for Region:sacrum
!
MAT, 2
TYPE, 1
E1'J,32, 1336, 1126, 1103, 1103, 1335, 1125, 1105, 1105
EN, 45, 1335, 1125, 1105, 1105, 1334, 1122, 1101, 1101

E1'J, 4620, 2015, 2020, 2235, 2043, 5264, 5259,5258,5263
EN, 4621, 5264, 5259, 5258, 5263,2007,2009,2010,2008
TYPE, 2
E1'J, 1400, 1145, 1136, 1354, 1147
EN,2984,2462,2475,2476,2692
!
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FINISH
/SOLUTION
!
/COM Analysis Type
ANTYPE, STATIC
!
/STITLE, 1, walk15m,
/COM
BFDELE,ALL,ALL
DDELE,ALL,ALL
FDELE,ALL,ALL
HFDELE,ALL,ALL
NTDELE,ALL,ALL
SFEDELE,ALL,ALL,ALL,
/COM Displacements for boundary condition "sacrum"
D, l540,UX,0."1543,3

D,5263,UX,0.,,5267,1
D,1540,UY,0."1543,3

D,5263,UY,0.,,5267, 1
D,1540,UZ,0.,,1543,3

D,5263,UZ,0.,,5267, I
!
/COM Forces for load "femur 1 wI5"
F,3055,FX,9.6,,3065, 10

F,3290,FX,9.6,,3293,1
F,3055,FY,7.2,,3065,10

F.3290.FY,7.2,,3293,1
F,3055,FZ,35.2,,3065, 10

F,3290,FZ,35.2,,3293,1,
/COM Forces for load "femur r w15"
F,4534,FX,-32.,,4582,48

F,4735,FX,-32.,,4736,1
F,4534,FY,-48.,,4582,48

F,4735,FY,-48.,,4736,1
F,4534,FZ,3 84.,,4582,48
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F,4735,FZ,384.,,4736,1
!
a1 =-31.67
b1=-1.25
c1 =-1.1
a2=6.3
b2=9.5
c2=-75.9

a13=-6.25
b13=-4.75
c13=-23.25
a14=16
b14=24
c 14=-192,
/COM Forces for load "abdu_group_l"
F,37,FX,a1,,57,20

F,593 ,FZ,c1"796,203
/COM Forces for load "abdu_group_r"
F,1188,FX,a2"1192,4

F,2791 ,FZ,c2,,2997,206
/COM Forces for load "add_group_l"
F,4050,FX,a3,,4132,82

F,4259,FZ,c3,,4369,110
/COM Forces for load "add_groupJ"
F,4626,FX,a4,,4629,3

F,4906,FZ,c4,,491 0,4
/COM Forces for load "glut_max_l"
F,l 028,FX,a5" 1030,2

F, 1266,FZ,c5"1267,1
/COM Forces for load "glut_max_r"
F,3125,FX,a6,,3127,2

F,3375,FZ,c6,,3376,1
/COM Forces for load "gracilis_I"
F,4055,FX,a7,,4057,1

F,4137,FZ,c7,,0,0
/COM Forces for load "gracilis_f"

103
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F,4617,FX,a8,,4683,66

F,4690,FZ,c8,,4745,55
ICOM Forces for load "hamstring_I"
F,3044,FX,a9,,3049,1

F,3280,FZ,c9,,0,0
/COM Forces for load "hamstringJ"
F,5144,FX,al 0,,5146, 1

F,5179,FZ,c10,,0,0
ICOM Forces for load "sartorius I"
F, 1765,FX,a11 ,,1766,1

F,2005,FZ,c11,,2006,1
ICOM Forces for load "sartorius r"
F,3960,FX,a12,,3961,1

F,4074,FZ,c12,,4078,4
ICOM Forces for load "rectus fern I"

- -
F,2649,FX,a13 ,,2650,1

F,2669,FZ,c13,,2856,187
/COM Forces for load "rectus fern r"
F,4389,FX,a14,,4390, 1

F,4396,FZ,c14,,4498, 102

/COM Output Requests
I

OUTRES,ALL,l
!
ICOM Solution Parameters
I

SOLVE
!
FINISH

IEXIT,ALL, walk15, db,
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