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Abstract
The intervertebral discs of the lumbar spine can be damaged as a result of trauma,
disease or deformity. If an intervertebral disc becomes too compromised the current
surgical solution is to fuse the vertebra at the affected spinal level.

Spinal fusion

presents its own complications which can limit its short and long term success. One of
the key limiting factors is the loss of mobility at the affected level, this causes additional
loading and accelerated degradation of the adjacent intervertebral discs. Therefore, the
aim of this project was to develop an intervertebral disc implant which allowed natural
motion at the affected level.
The implant developed consists of a fluid filled welded bellows assembly.

This

arrangement is similar to a healthy intervertebral disc in which the fluid nucleus
pulposus is contained by the annulus fibrosus. The proposed implant also incorporates
overload and motion-restricting features to prevent the implant and spinal column being
damaged.
Artificial disc implants have been developed by other researchers.

The implant

developed in this project is unique as it does not generate any wear debris. This is
significant as wear debris can cause a macrophage response and osteolysis, thus
ultimately limiting the long term viability of implants which do produce wear debris.
This thesis also details the development of BioModelling methodology for producing
graphical reconstructions from medical scan data. These reconstructions can be used to
produce plastic and metallic models for pre-operative planning purposes and implants
for in-vivo use. While originally intended for the spinal implant work, it was ultimately
used for other tasks. A case study illustrates its use in producing a maxilla implant.
The final component of this project was to design and produce a femoral endoprosthesis
for a patient with Osteogenesis Imperfecta. The patient's existing implants had failed
and as a result an implant was required which could fully support all the applied loads
whilst sriU allowing the patient's healthy hip and knee joints to be retained.
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Glossary
Aetiology - The cause or causes of a disease or abnonnal condition.
Allograft Bone - Sterile bone derived from another human that is used for grafting
procedures.
Anterior - Front of the body or situated nearer the front of the body.
Arthrodesis - The fusion of bones across a joint space, thereby limiting or eliminating
movement. It may occur spontaneously or as a result of a surgical procedure, such as
fusion of the spine.
Arthropathy - Any disease or disorder involving a joint.
Arthroplasty - The surgical remodelling of a diseased or damaged joint.
Autogenous Bone - Bone originating from the same individual; i.e., an individual's
own bone.
Autogenous Weld - A weld fonned by melting the parent material until it fuses
without the addition of filler material.
Autograft Bone - Bone transplanted from one part to another part of the body in the
same individual.
Axon - Usually a long, single nerve cell process that conducts impulses away from the
cell body.
CAD

Computer Aided Design.

Caudal - A position more towards the cauda or tail than a specified point of reference,
same as inferior.
Cephalad

In a direction towards the head.

Convolution - Two diaphragms welded together on their inner edge.
Cortical Bone - The layer of dense bone that fonns the outer surface of bone.

xxu
Diaphragm - An annular ring of material which is used as the base unit for
constructing welded bellows.

Diaphragms often have a contoured surface and are

produced in male and female configurations.
Discectomy - Surgical removal of part or all of an intervertebral disc in order to remove
material which is impinging on the neural elements.
Endoprosthesis - An artificial device which is place inside the body to replace a
missing body part.
Exenteration - Surgical removal of the contents from a bodily cavity.
FDM - Fusion Deposition Modelling.
FEA - Finite Element Analysis.
Functional cadaver spinal segments - Two or more adj acent vertebrae harvested from
a human cadaver with the intervertebral disc(s), zygapophysial joints and ligaments
intact.
Hypertrophic - Excessive development of an organ, specifically an increase in bulk (as
by thickening of muscle fibres) without multiplication of parts.
Iliac Crest - The large, prominent portion of the pelvic bones which can be felt at the
belt line.
Inferior - Situated below or directed downward.
In-vitro - Describing biological phenomena that are made to occur outside the living
body, traditionally in a test tube. In-vitro is Latin for in glass.
In-vivo - With in a living body. In-vivo is Latin for in life.
Ischial Weight Bearing Brace - A long leg brace with a thigh cuff which provides
posterior ischial (hip bone) weight bearing support. Such a brace allows patients to
stand upright and bear weight.
Ligamentous Laxity - A stretched or loose ligament which allows hyper deflection to
occur.

XX111

Lordosis - Curvature of the spine with the convexity forward. Not a disease state, but
the nonna1 anterior concavity of the neck or lower back.
Macrophage Cells - Play an important role in killing bacteria and tumour cells. They
release substances that stimulate other cells of the immune system and are involved in
antigen delivery but they may also fuse to fonn foreign body giant cells.
Maxillectomy - Surgical removal of the maxilla.
Morphology - The configuration or the structure of a patient.
Myelopathy - Any disease or disorder of the spinal cord or bone marrow.
NC - Numerical Control.
Ossification - The process offonning bone in the body.
Osteogenesis Imperfecta - A genetic disease characterized by abnonna1 brittleness of
the long bones.
Osteolysis - The abnonna1 loss of bone and tissue as a result of a pathological
condition.
Osteophyte - A bony outgrowth or protuberance. '
Oswestry Score - Indicates the level of disability in patients with lower back pain.
Paraesthesia - A sensation of pricking, tingling, or creeping on the skin having no
objective cause and usually associated with injury or irritation of a sensory nerve or
nerve root.
Periprosthetic - Around, about or near a prosthesis or implant.
Pitch - The height of one convolution, measured from the outer edge of one diaphragm
to the next.
Posterior - The back of the body or situated nearer the back of the body.
Radicular Pain - Radicular pain arises as a result of irritation of a spinal nerve or its
root.
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Radiculopathy - Any pathological condition of the nerve roots.
Reflect - To fold back tissue to gain exposure or access. It is common surgical practice
to cut a hinged flap into the anterior of the annulus during Anterior Lumbar Interbody
Fusion. This process is often referred to as reflecting the annulus. At the completion of
this procedure the reflected annulus is stitched back in place and will often re-grow into
the vertebral bodies with time.
Resorption - The loss of substance through physiologic or pathologic means.
Sagittal- Longitudinal.
Sarcoma - A form of cancer that occurs in supportive tissues such as bone, cartilage,
fat or muscle.
Sclerotic - Hard.
SLA - Stereo-Lithography.
Spondylolisthesis - A defect in the construct of bone between the superior and inferior
facets with varying degrees of displacement. The vertebra with the defect and the spine
above that vertebra are displaced forward in relationship to the vertebrae below. This is
usually due to a developmental defect or as the result of a fracture.
Spongiosa - When filled with blood, the trabecular bone that fills the cavity of the
vertebral body appears to be sponge like, and for this reason it is sometime referred to
as the vertebral spongiosa.
Squamous Cell Carcinoma - A carcinoma that is made up of or arises from squamous
cells, normally sited in areas of the body which have been exposed to strong sunlight for
extended periods of time.
Stenosis - Reduction in the diameter of the spinal canal due to new bone formation that
may result in pressure on the spinal cord or nerve roots.
STL - A stereolithography file format which is the standard input for most rapid
pro to typing machines.

It consists of a list of triangular surfaces which describe a

computer generated solid model.

xxv
Subsidence - Sinking or settling of an implant.
Superior - Situated above or directed upward toward the head of an individual.
Test Specimen - May be either the assembled bellows intervertebral disc implant or its
constituent components.
Toolpath - Generation of code for NC machining components.
Varus l\lalalignment - Bowing of the femur(s) sometime referred to colloquially as

'bandy legs'. This condition can be caused by the outer cortex of the femur(s) failing in
tension thus allowing bending of the femur(s) to occur. Alternatively it can occur if one
or more knee ligaments are damaged.
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Foreword
This thesis consists of three components:

Part A - Development of an Intervertebral Disc Implant
The primary objective of this project was to develop an intervertebral disc implant for
the lumbar spine. This implant was required to support the applied loads and to allow
angular deflections to occur. Part A of this thesis details the structures and functions of
the lumbar spine, development of an engineering specification and design of the
implant. This section of the thesis also details the design of test rigs to aid in the
development and testing the implant and its components.

Part B - Development of BioModelling Methodology and a Femoral Endoprosthesis
The original project brief also stipulated that BioModelling methodology should be
investigated and developed to aid in the design of the intervertebral disc implant. As it
turned out these tools were unnecessary for the development of an intervertebral disc
implant. BioModelling tools can be used for visualisation and preoperative planning
purposes.

Therefore, given these other visualisation and planning applications, the

decision was made to complete research into BioModelling teclmiques. The outcomes
of this research are presented in Chapter 9.

Chapter 10 of this thesis details the development of a femoral endoprosthesis. This
additional work was undertaken following a request to design a femoral implant, for a
patient who had the brittle bone disease, Osteogenesis Imperfecta. This additional work
was seen as a valuable experience that contributed to an understanding of surgical issues
arising in the main project.

Part C - Appendices
The final section of this thesis contains appendices for the intervertebral disc implant
and femoral endoprosthesis.
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Part A

Development of an Intervertebral Disc Implant

2

<Blank Page>
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Chapter 1 - Problem Statement
Debilitating lower back pain due to damage or failure of the intervertebral discs is a
common complaint which affects a large percentage of the adult population
Intervertebral disc disorders may arise from trauma, disease, or deformity.
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.

Some

examples of common intervertebral disc disorders are shown in Figure 1.1. Once an
intervertebral disc has degenerated to a point where it is completely compromised and
discectomy is no longer an option, one viable surgical treatment presently available to
surgeons is to fuse the affected vertebrallevel(s).
Normal
Disc
Degenerated
Disc-_ _~~~~.J
Bulging--..1IP"......~
Disc
Herniated -~~.......~~~
Disc
Thinning --~...~~~
Disc
Disc --~_ __~
Degeneration
with Osteophyte
Formation

Figure 1.1 Common intervertebral disc problems.
(Source: hllp://www.spineuniverse.comldisplayarticie.php/anicie1523.html]

The aim of spinal arthrodesis (fusing) is to remove the pain generating mechanism(s) at
the affected vertebral level. This procedure typically involves removing degenerated
bone and intervertebral disc tissue and in some cases fixation devices are also added to
stabilise the adjacent vertebrae.

Fusing the spine is most effective when treating

conditions giving rise to instability in the spine or pain secondary to instability.
Disadvantages of fusing the spine include reduced mobility, increased wear and stress
on the adjacent vertebral levels, subsidence of the implants and in some cases failure of
the vertebrae to fuse together. Any of these factors may, in tum, ultimately lead to the
adjacent intervertebral discs needing to be fused as well.
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In recent years several groups have developed implants for the lumbar spine which
allow normal spinal motion to be preserved. However many of these implants have
their own complications such as the generation of wear debris. Therefore for chronic
back pain conditions the status is as it was for arthritic hips before hip replacements
became available, immobility and a life of constant pain. In 1997 it was estimated that
over 150,000 lumbar fusions were performed annually in the United States2 and that in
2000 the US spinal market was worth an estimated $US910 millionl.

Prior to Sir John Charnley revolutionizing modem orthopaedics with the development
of the total hip replacement the long term prognosis for patients suffering from
degenerative hip disease was also poor3. Today hip arthroplasty is the most successful
surgical procedures in terms of patient satisfaction. Potentially, the development of a
stable, fully functional, artificial disc could improve the treatment of degenerative
intervertebral discs in a similar fashion.

Therefore the aim of this project was to develop an intervertebral disc implant that
enables normal and uninhibited pain-free movement without the addition of
complicating factors such as wear debris generation.

1.1
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Chapter 2 - Anatomy & Physiology of the lumbar Spine
2.1

Vertebral Column

The vertebral column is fonned by a series of bones called vertebrae. There are 33
vertebrae in total and they are grouped according to their position in the spinal column.
There are 7 vertebrae in the cervical region, 12 in the thoracic, 5 in the lumbar, 5 in the
sacral, and 4 in the coccygeal.

The cervical, thoracic and lumbar vertebrae remain distinct throughout life, and are
known as true or movable vertebrae. The sacral and coccygeal vertebrae, are tenned
false or fixed vertebrae because in adults they are united with one another fonning two
bones, the sacrum and the coccyx.4

Between each of the true vertebrae there are three flexible joints which allow the spine
to deflect and deform. The intervertebral disc is the largest and most significant of these
joints as it provides flexibility and is responsible for transferring loads between the
adjacent vertebrae. The intervertebral discs also have small shock absorbing qualities.
The other joints between the vertebrae are the zygapophysial joints, these restrict the
range of motion and help to stabilise the spine.
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Figure 2.1 shows a typical adult spine with the cervical, thoracic and lumbar vertebrae
groups identified.

Anterior View
C1

Left Lateral View

Posterior View

C1 -

C2

C7
T1

Thoracic
Vertebrae

T12
L1

Lumbar
Vertebrae

L5

L5

Sacrum (S1-5)
Sacrum (S1-5)

Sacrum (S1-5)

Coccyx

Figure 2./ Vertebral column.
[Source: Plate /42 Neller iO ]
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2.2

Basic Biomechanics - Rotations and Translations

There are two common methods of describing rotations and translations of the spine,
these are the anatomical and biomechanical systems.

The anatomical system defines three orthogonal planes which are labelled as the
sagittal, coronal and horizontal planes, as shown in Figure 2.2.
horizontal plane is also referred to as the transverse plane.

Sometimes the

Backward and forward

bending of the spine occurs in the sagittal plane, side or lateral bending is rotation in the
coronal plane and axial twisting occurs in the horizontal plane.

Coronal

SaglUal

Plane

Plane

Figure 2.2 Planes and direction o/motion: Anatomical system.
[Source: Bogduk et all J

The biomechanical system defines movements relative to three axes, as shown in Figure
2.3. The key to this system is the prepositions used, translation movements are along
the axis and rotations are movements around the axis. For example forward bending
can be described as positive rotation around the X axis, and left horizontal displacement
is a positive translation along the X axis.

8
+y
translation

y

Figure 2.3 Axes and directions ofmotion: Biomechanical system.
[Source: Bogduk et all]

The advantage of the biomechanical system is that dimensions of movements can be
accurately and unambiguously defined, however orientation of the axes can be
unfamiliar if not used regularly. As the terms sagittal, coronal and horizontal are
commonly used in other areas of anatomy they are therefore the more popular way to
describe the motions of joints.
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Table 2.1 shows the comparative terms for both the anatomical and biomechanical
systems along with the colloquial description of each term.

Anatomical System

Biomechanical
System

Colloquial Description

Anterior sagittal

+Z translation

Forward Slide or Glide

Posterior sagittal

-Z translation

Backward slide

+:l

Cephalad coronal

+Y translation

Longitudinal or Axial Distraction

..~

Caudal coronal

-Y translation

Longitudinal or Axial Compression

Left horizontal

+X translation

Left Lateral Slide

Right horizontal

-X translation

Right Lateral Slide

Anterior sagittal

+X rotation

Forward Bend "Flexion"

Posterior sagittal

-X rotation

Backward Bend "Extension"

o==
+:l

Left coronal

-Z rotation

Left Lateral Bend

~

Right coronal

+z rotation

Right Lateral Bend

"-'
~

..:s"-'

.....................................................................................................................................................................................................................................................................................

~

"-'

......................................................................................................................................................................................................................................................................................

.a

. . ·. .

Left horizontal
·Ri~t·h~ri~~~t·~i

+Y rotation

. . . . . . . . . ·. . . . . =y.

;~t~ti'~~

. . ·. ·. ·. . . . I........·..........·........

Left Axial Rotation

.

.

. . . . ·. . . ·. ·. . . . .

ii~ht A~i'~ 'R~t~ti~~

Table 2.1 Descriptive terms a/motion.
[Source: Bogduk et all]

The terms flexion and extension are commonly used to describe forward and backward
bending of the spine respectively.

However it should be noted that flexion and

extension are not pure rotations of the lumbar spine. Instead flexion and extension of
the lumbar spine involve a combination of sagittal rotation and sagittal translation.

As the term horizontal rotation can be confusing axial rotation is often used instead, as
shown in Table 2.1. This also applies to the coronal translations which are regularly
referred to as axial compression and distraction.
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2.3

Lumbar Spine Overview

As previously described the lumbar spine consists of 5 vertebrae. The vertebrae are
labelled according to their position in the spinal column with the upper most vertebrae
labelled L 1 and the lower most vertebrae labelled L5.

Between each adjacent pair of vertebrae there are three joints. The intervertebral disc is
sited between the vertebral bodies.

The zygapophysiaJ joints are formed by the

articulation of the inferior articular processes of one vertebra and the superior articular
processes of the vertebrae below.

The joints are identified by referencing the adjacent vertebral.

For example the

intervertebral disc between Ll and L2 is referred to as L 1-2.

Individually the

zygapophysial joints can also be specified this way, e.g. the 'left Ll-2 zygapophysial
joint' .

Figure 2.4 shows the lumbar vertebrae and associated joints with their nomenclature.
S Upe l/OI !"rllc ula, Procl>'3 s
/

L"ft L 1-2
Zygapophysis l
Joint

In tl!lVe!tebrll I
Di sc I L1- 21

- Inferior
Artlculm
ProcolSs

Figure 2.4 Lumbar spine vertebrae, intervertebral discs and zygapophysia/ joints.

f Source: Plate /44 Nelle,J°J
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The sacrum, shown in Figure 2.5, is positioned at the base of the lumbar spine and lies
between the two iliac wings, forming the posterior wall of the pelvis. Although it is a
continuous mass of bone the naming convention used for the rest of the spinal column is
continued with aspects of the sacrum labelled S 1 to S5. The intervertebral disc between
the L5 and the lumbosacral articular surface of the sacrum is referred to as L5-S 1. This
intervertebral disc is normally considered to be part of the lumbar spine functional unit.

The primary purpose of the sacrum is to transfer load from the spine to the iliac wing
where the loads are then transferred to the lower limbs. Conversely shock loading can
also be transmitted from the lower limbs thru the pelvis, sacrum and lumbar spine. The
sacrum is not fused to the rest of the pelvis rather there is a joint on each side of where
it meets the iliac wing. Despite the size of this joint, the movements associated with it
are small and there are no muscles groups capable of performing active movements of
the joint. In essence the sacroiliac joint acts as a stress reliever.
Ba~a

of Sa !rum
I

F'acets of Superia
Ancular Processes

~--------~~---------~

Auricular Surface-

DOrs.ll surface

Figure 2.5 Sacrum and Coccyx.
[Source: Plate 145 Netter'°}

The construction and functions of the vertebrae, intervertebral discs and zygapophysial
joints are detailed in Sections 2.4 to 2.6 respectively.
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2.4
2.4.1

Vertebrae
Components

The vertebrae can be broken down into three components based on function. These
components are the vertebral body, pedic1es and posterior elements as shown in Figure
2.6(a). The function of each of these sections is detailed over the page.

Figure 2.6 also shows the mam features of the vertebral body and associated
nomenclature.

I

Inferior Articular _ _~,-J
Process

I
I
I
Posterior
Elements

I

I
I

Vertebral Body

Pedicles

(b) left lateral View

(a) Right lateral View
Spinous Process

/

Superior Articular
Process
Vertebral
Foramen

\

Transverse
Process

Vertebral Body

(c) Top View

(d) Bottom View
Superior
Articular Process

Inferior
Articular Process

Vertebral Body

(e) Anterior View

(f) Posterior View

Figure 2.6 Parts of the lumbar vertebrae.
[Source: Bogduk et all J
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2.4.1.1

Vertebral Body

The vertebral bodies carry the loads applied to the spine and are therefore required to be
strong and resilient. If the vertebral bodies were constructed of solid bone, they would
be very heavy and tend to fracture with the application of shock loads. Instead the
vertebral bodies have a honeycomb structure.

The outer wall of the vertebral body is constructed from high strength cortical bone.
However, if load was applied to this shell alone the wall would buckle and collapse as
shown in Figure 2.7(b)

(a)

(b)

(c)

(d)

Figure 2.7 Schematic internal structure of the vertebral body.
The cortical bone shell alone (a) would not have sufficient rigidity to withstand the applied vertical loads
and would buckle as a result (b). The vertebral body is insteadjilled with vertical and transverse
trabeculae (c) which prevent buckling of the outer cortical shell (d).
[Source: Bogduk et all]

To prevent the cortical shell from buckling thin rods of bone, called vertical and
transverse trabeculae, fill the cavity of the vertebral body. The trabeculae provide the
cortical shell with the ability to bear weight while also providing resilience. When load
is applied to the vertebral body the load is transferred to the vertical trabeculae. Should
the vertical trabeculae start to buckle they are prevented from doing so by the transverse
trabeculae, as shown in Figure 2.7(d).
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The space between the trabeculae is also used to transfer blood to and from the vertebral
bodies.

When filled with blood the trabeculae can appear sponge-like and these

structures are therefore often referred to as the vertebral spongiosa. Figure 2.8 shows
the trabeculae and veins associated with the lumbar vertebrae.

Veins

Trabeculae

Figure 2.8 Vertebral spongiosa and veins.
{Source: Plate 159 Nette,J°J
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2.4.1.2

Pedicles

The pedicles are oval in shape and consist of a thick cortical bone outer wall and inner
trabecular structures which are a continuation of those found in the vertebral body. The
primary function of the pedicles is to transfer tension loads and bending moments from
the posterior elements to the vertebral bodies.

Tension loads arise when the vertebrae bodies try to slide forward and the motion is
resisted by the zygapophysial joints, as detailed further in Section 2.6. Alternatively
when the spine is bent, by applying muscle forces to the processes, the pedicles act as
lever arms transmitting the bending moments to the vertebral bodies.

The pedicles also form two boundaries of the vertebral foramen and intervertebral
foramen as shown in Figure 2.9.

Vertebral Foramen
Spinous Process

(a)

(b)

Figure 2.9 Vertebral foramen and intervertebralforamina.
(a) Top view.
(b) Right lateral view.
[Source: Bogduk et all J
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2.4.1.3

Posterior Elements

The posterior elements consist of the articular surfaces, processes and laminae, as
shown in Figure 2.10.
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(b)

Figure 2.10 Posterior elements o/the vertebral body.
(a) Posterior view.
(b) Left lateral view.
[Source: Bogduk et all]

The spinous, transverse, accessory and mamillary processes vary in length and provide
areas for muscle attachment. The longer the processes are, the greater the lever ann and
thus the greater amplitude of bending moment the back muscles are able to apply to the
vertebrae. It should also be noted that all the functional muscles which act on the
lumbar vertebral column are attached to the posterior elements.

The laminae are positioned centrally and transfer loads from the processes and articular
facets to the pedicles. The laminae also provide protection for the spinal cord, however
this role is not considered to be critical as patients who have had laminae surgically
removed suffer no ill effects on their nervous systems l .

As previously mentioned the superior and inferior articular processes fonn the
zygapophysial joints. These joints are also sometimes referred to as the facet joints or
apophysial joints. The construction and function of these joints is described in Section

2.6.
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2.5
2.5.1

Intervertebral Disc
Components

The intervertebral discs consist of three parts the annulus fibrosus, nucleus pulposus and
the vertebral endplates, as shown in Figure 2.11.

Annulus
Fi bra sus -+1++-++#

Figure 2.11 Structure of the intervertebral disc.
[Source: Bo gduk et all]

2.5.1.1

Annulus Fibrosus

The annulus fibrosus is constructed from 15 to 25 layers of collagen fibres 7• Each layer
of fibres is called a lamella. In each lamella the collagen fibres are orientated parallel to
each other and run from the vertebrae above to the vertebrae below. The orientation of
the fibres in each lamella is therefore the same.

However the angle of inclination

alternates between each lamella, as shown in Figure 2.12. Viewed from the front the
angle of the fibres (8) is nonnally 65° to the left and those in the next layer are
orientated 65° to the righe,IS.

Figure 2.12 Detailed structure of the annulusjibrosus.
[Source: Bogduk et all]
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However, the ideal structure of the annulus fibrosus, as shown in Figure 2.12, does not
typically occur.

Instead, in any given 90° segment of the annulus fibrosus,

approximately 40% of the lamella are incomplete7 . As shown in Figure 2.13, these
incomplete lamellae do not pass around the entire circumference of the intervertebral
disc.

Figure 2.13 Incomplete lamellae o/the annulusfibrosus.
[Source: Bogduk et all]

The lamellae increase in size towards the centre of the intervertebral disc7 .

The

thickness of the lamellae also varies around the periphery of the intervertebral disc with
thicker fibres in the anterior portion of the annulus fibrosus and finer and more closely
packed fibres in the posterior portion7 • As a result the cross sectional thickness of the
annulus fibrosus varies across the intervertebral disc with the posterior portion being
thinnest.

2.5.1.2

Nucleus Pulposus

In a healthy intervertebral disc the nucleus pulposus is a yellowish coloured, soft, pulpy,
highly elastic substance which fills the cavity in the annulus fibrosus 2,17.

The

consistency of this fluid is similar to toothpaste or uncured silicone sealant.

The classical description of the annulus fibrosus being a ring of material surrounding
the nucleus pulposus is not entirely accurate. Instead the nucleus pulposus is quite
distinct at its centre and the annulus fibrosus is distinct at its periphery, however at the
junction of the two there is no clear boundary.

Rather the peripheral parts of the

nucleus pulposus merge with the deeper parts of the annulus fibrosus 2,8.
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2.5.1.3

Vertebral Endplates

There are two vertebral endplates associated with each intervertebral disc, as shown
schematically in Figure 2.14. The vertebral endplates are 0.6 to 1 mm thick and cover
the area of the vertebral body surrounded by the ring apophysis 12 ,17. The endplates
therefore cover the entire nucleus pulposus but do not extend far enough to cover the
entire annulus fibrosus.

There is some debate as to whether the vertebral endplates are components of the
vertebral bodies or intervertebral disc2,13,ls. However, Inoue s and Coventif determined
there were no anchoring structures between the endplate and underlying bone.
Therefore, for the purposes of this project, the vertebral endplates are considered to be
part of the intervertebral disc.

The endplates contain collagen fibres which are orientated parallel to the transverse
plane.

These fibres are a continuation of the inner third of the annulus fibrosus

fibress,ls. This seamless merging of the annulus fibrosus fibres and vertebral end plate
fibres results in a strong bond between the twoS, effectively encapsulating the nucleus
pulposus in a sphere of fibres.

The outer fibres of the annulus fibrosus, which are not covered by the endplates, enter
the vertebral bodies and are firmly anchored to the underlying boneS.

These structures are illustrated schematically in Figure 2.14.

Annulus
Fibrosus -#*'1+1+1

Ring Apophysis - - - '

Figure 2.14 Structure of the vertebral endplates.
The inner annulus fibrosus fibres sweep around into the vertebral endplate. The peripheral fibres of the
annulus fibrosus are anchored to the vertebral bodies.
[Adapted from: Bogduk et all]
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2.5.2

Function

The intervertebral disc is responsible for transferring weight between the vertebral
bodies and allowing relative motion between the adjacent vertebrae.
2.5.2.1

Weight Bearing

There are two mechanisms which allow the intervertebral discs to carry the applied
loads.

The first load carrying mechanism involves the annulus fibrosus working in conjunction
with the nucleus pulposus. The nucleus pulposus is a fluid which can be deformed
under an applied load however it cannot be compressed. Therefore when a vertical load
is applied to the nucleus pulposus it tends to reduce in height and expand outward
radially, The radial expansion of the nucleus pulposus exerts pressure on the annulus
fibrosus, tending to stretch the lamellae outwards.

The lamellae fibres resist this

stretching and oppose the outward pressure exerted on them. Equilibrium is reached
when the pressure exerted on the nucleus pulposus is balanced by the tension in the
annulus fibrosus fibres. In a healthy intervertebral disc the annulus fibrosus only bulges
slightly under such applied loads.

The nucleus pulposus also exerts a pressure on the vertebral endplates however these
are supported by the vertebral bodies and thus resist deformation too.
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This creates a situation where the nucleus pulposus is unable to deform either radially or
axially despite the application of a load, resulting in a pressure increase in the nucleus
pulposus. This mechanism is illustrated in Figure 2.15.

Figure 2.15 Annulus jibrosus and nucleus pulposus interaction under applied load.
Compression raises the pressure in the nucleus pulposus, which in tum exerts a radial pressure on the
annulus jibrosus and an axial pressure on the endplates. The annulus jibrosus and endplates resist this
pressure and prevent expansion of the nucleus pulposus.
[Source: Bogduk et all]

The second load carrying mechanism involves the annulus fibrosus alone. The closely
packed lamellae fibres make the annulus fibrosus a relatively stiff structure. As long as
the annulus fibrosus is healthy and the fibres remain closely bound together the annulus
fibrosus will resist buckling. It has been shown that when a compressive load is applied
to an intervertebral disc with nucleus pulposus removed, the annulus fibrosus alone is
capable of supporting virtually the same load as an intact intervertebral disC I ,8.
However if an isolated annulus fibrosus is loaded in compression for a sustained period
of time, it will deform and buckle.
Markolf et al 8 noted that the performance of an isolated annulus fibrosus does vary
depending on the method used to extract the nucleus pulposus. When the nucleus
pulposus was removed without cutting the annulus fibrosus there was no noticeable
difference in performance to an intact intervertebral disc. However, when the nucleus
pulposus was removed using typical discectomy techniques there was a small change in
intervertebral disc height under applied loads. The annulus fibrosus also exhibited some
bulging after the initially loading of the intervertebral disc. However, regardless of this
deformation of the intervertebral disc the response to repetitive loading was very similar
to that of intact specimens.
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Therefore the pressure exerted by the nucleus pulposus achieves two things. First, the
pressure exerted on the endplates transmits some of the load from one vertebral body to
the next. Secondly, the radial pressure exerted on the annulus fibrosus also braces the
annulus fibrosus lamellae and helps to prevent buckling thus allowing load to be
transferred through the annulus fibrosus for extended periods of time. Figure 2.16
illustrates these two load carrying mechanisms.

Figure 2.16 Annulus fibrosus and nucleus pulposus weight bearing mechanisms.
Weight is carried by both the annulus fibrosus and nucleus pulposus. The nucleus pulposus applies a
radial pressure on the annulus fibrosus bracing it and the pressure on the endplates also transmits a
portion the load from one vertebra to the next.
[Source: Bogduk et alll

These load carrying mechanisms also give the intervertebral discs an energy storage
capability. As previously described when load is applied to an intervertebral disc the
nucleus pulposus expands and some stretching of the lamellae fibres occurs.

The

collagen fibres are elastic and store the energy used to stretch them. When the applied
load is removed from the intervertebral disc the collagen fibres contract exerting force
on the nucleus pulposus which in tum restores any deformation that may have occurred.
This process gives the intervertebral discs a degree of resilience.

This resilience also allows the intervertebral discs to act as shock absorbers. When a
force is rapidly applied to a intervertebral disc, the load is briefly diverted into
stretching the annulus fibrosus fibres. This stretching reduces the speed at which load is
transferred to the adjacent vertebrae. It should be noted however that the average load
remains the same, but by diverting the force through the annulus fibrosus, the peak load
is reduced and the rate of load transfer is increased.
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2.5.2.2

Movements

When considered on its own, i.e. without consideration of the zygapophysial joints, the
intervertebral disc is capable of performing movements an all directions.

The

mechanics of compressing the intervertebral disc have been described in the previous
section however, the intervertebral disc is equally capable of supporting the other forms
of motion as well.

Distraction
When the spine is distracted, for example while hanging by the hands, the vertebral
bodies separate. This separation results in all the fibres of the annulus fibrosus being
stretched an equal amount, as shown in Figure 2.17(a). As the collagen fibres are
densely packed and provide strong resistance to this movement hence only small levels
of motion occur in this direction.

(a)

(b)

Figure 2.17 Distraction and sliding of the intervertebral disc.
(a) Distraction of the intervertebral disc results in all the lamellae fibres stretching an equal amount.
(b) During sliding of the intervertebral disc the fibres orientated in the direction of displacement are
stretched, while the remaining fibres are relaxed.
[Source: Bogduk et all]

24

Sliding
The intervertebral discs also resist pure sliding.

When the intervertebral disc is

displaced sideways the endpoints of the annulus fibrosus all move an equal amount.
However during sliding only some of the collagen fibres provide resistance depending
on their orientation relative to the direction of movement.

For example during forward sliding the collagen fibres in the lateral portions of the
annulus fibrosus lie parallel to the direction of movement, however these fibres run in
opposite directions in each lamella. Therefore as the vertebrae slide relative to each
other half the lateral portion fibres are placed in tension and resist the movement, while
the remaining lateral fibres are relaxed and play no part in providing resistance, as
shown in Figure 2.17(b). The anterior and posterior portions of the annulus fibrosus
also make a contribution to resisting forward sliding however they are not as effective
as the lateral portions. This is because although the amount of endpoint separation
remains the same, the anterior and posterior fibres are not aligned with the direction of
separation and hence are not stretched to the same degree.

Bending
Bending or rocking of the intervertebral bodies results the lowering of one edge of the
vertebral body and rising of the other. This causes the annulus fibrosus to buckle in the
direction of bending and stretching of the opposing edge. As this occurs the nucleus
pulposus is also deformed decreasing in thickness on one side and increasing in
thickness on the other, as shown in Figure 2.18.

Figure 2.18 Bending ofthe intervertebral disc.
[Source: Bogduk et all]
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It has been found that 5° bending of unloaded cadaveric specimens results in the

nucleus pulposus pressure rising approximately 68.5 kPa9 . This rise in pressure has
been observed to be constant regardless of the applied load.

However, larger mcreases m intradiscal pressure are typically observed as living
volunteers bend. This is attributed to the additional compressive loads applied to the
intervertebral discs by the action of the back muscles which control bendingl.

Twisting
Twisting of an intervertebral disc causes the endpoints of the collagen fibres to rotate in
the direction of twist, intervertebral disc height to be reduced and the nucleus pulposus
to be compressed. As the collagen fibres are orientated in alternating directions in the
lamellae, only the fibres orientated in the direction of twist are placed in tension, while
the remaining fibres are relaxed. Therefore only half of the lamellae fibres are able to
resist twisting motions, as shown in Figure 2.19.

Figure 2.19 Twisting of the intervertebral disc.
[Source: Bogduk et all]
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Summary
In summary the nucleus pulposus allows loads to be transferred between the vertebral
bodies and braces the annulus fibrosus to prevent it from buckling.

The nucleus

pulposus makes little contribution to resisting sliding, bending or twisting of the
intervertebral disc and simply deforms to comply with such movements. However, if
load is applied to the intervertebral disc during such deflections the load bearing
functions of the nucleus pulposus are superimposed on the intervertebral disc.

As the intervertebral disc is deflected the endpoints of the annulus fibrosus are displaced
causing the collagen fibres within the annulus fibrosus to stretch and resist deflection.
All the fibres of the annulus fibrosus are involved in weight bearing and resisting
distraction of the intervertebral disc. However, for other movements the orientation of
the fibres dictates their involvement in resisting the imposed deformations.
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2.6

Zygapophysial Joints

As previously discussed in Section 2.5.2.2 with the posterior elements removed the
intervertebral discs are under-constrained and can translate and rotate freely in all
directions. However, for the lumbar spine to be stable and capable of bearing loads
additional constraint mechanisms are required.

For example Figure 2.20 illustrates that if the posterior elements did not resist forward
translation the lumbar lordosis would place the intervertebral discs in shear,
destabilising the spinal column and compressing the spinal nerves. The zygapophysia1
joints prevent such shear from occurring and also prevent axial rotation.

Figure 2.20 Zygapophysial joints resist shear loads.

Construction
The zygapophysia1 joints result from the articulation of the inferior and superior
articular processes, each of which is covered with articular cartilage, as shown in Figure
2.21 (a). The dorsal, superior and inferior margins of these joints are enclosed in a
fibrous capsule of collagen fibres. When viewed from the rear of the spine the articular
facets appear as straight faces, as shown in Figure 2.21(a), however, when viewed from
above they have a curved appearance, as shown in Figure 2.21(b).
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(a)

(b)

Figure 2.21 Posterior and superior views of the L3-4 zygapophysialjoints.
(a) Posterior view of L3-4, the left hand side capsule (1) is shown intact: the right hand side posterior
capsule is shown resected revealing the articular cartilage (2).
(b) Superior view oftheL3-4 zYgapophysialjoints showing the curvature of the articular facets in the
transverse plane. Note: I = Interior articular process of L3, S = Superior articular process of L4.
[Source: Bogduk et all]

Orientation
The orientation of the articular facets influences their ability to resist forward translation
and axial rotation of the vertebral bodies. For example flat articular facets could be
orientated to provide large contact faces to prevent either forward translation or axial
rotation, however resistance to displacement in the other direction is compromised as
shown in Figure 2.22.

(a)

(b)

Figure 2.22 Flat zygapophysialjoints.
(a) Flat articular facets parallel to the coronal plane offer strong resistance to forward translation but
during axial rotation the inferior articular facet can slide relative to the superior articular facet.
(b) Flat articular facets joints parallel to the sagittal plane offer no resistance to forward translation and
strong resistance to axial rotation.
[Source: Bogduk et all]
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Curved articular surfaces such as those found in the lumbar spine provide a compromise
by resisting forward translation and axial rotation. The articular surfaces of the lumbar
spine are normally 'C' or 'J' shaped. Figure 2.23 shows how these curved joints have a
wide backward facing anteromedial area (indicated by the bracket) which resists
forward translation. Similarly there is a large contact area to resist axial rotation.

(a)

(b)

Figure 2.23 Curved zygapophysialjoints.
(a) Curved Z)'gapophysial joints have a large contact area to resist forward translation.
(b) The curved contact area also provides resistance to axial rotation.
[Source: Bogduk et all J
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Load Carrying
In some cases, extension of the lumbar spine can cause the tips of the superior articular
processes to contact the laminae of the vertebrae below. When such contact occurs a
small percentage of the applied vertical load may be transmitted though the tips of the
articular processes, as shown in Figure 2.24(a).

In addition to this, if a sustained axial compression is applied to a healthy intervertebral
disc, the intervertebral disc height may reduce. If sufficient compression occurs the
inferior articular surfaces may lower enough to contact the laminae of the vertebrae
below, as shown in Figure 2.24(b). Vertical loads can then be transferred between the
articular processes and laminae. This may also occur if an intervertebral joint is axially
compressed while bending backwards l .

(a)

(b)

Figure 2.24 Impaction of the zygapophysialjoints.
(a)When a vertebra is rocked backwards, its inferior articular processes may contact the superior
articular processes of the vertebra below (1).
(b) If an intervertebral joint is compressed enough (2), the inferior articular processes of the upper
vertebra may impact the laminae below (3), allowing weight to be transferred through the inferior
articular process (4).
[Source: Bogduk et all J
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2.7

lordosis Curve

The lumbar spine has a distinct curvature know as the lordosis curve. This curvature is
due to several factors. The most significant contributing factor is that the lumbosacral
articular surface is tilted forwards at an angle of approximately 50° as shown in Figure
2.25.
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Figure 2.25 Lumbosacral angle.
[Source: Bogduk et all J

There are several features which help to compensate for this inclination of the
lumbosacral articular surface and in doing so create the lumbar lordosis.

First the

lumbosacral intervertebral disc (L5-S 1) is wedge shaped, with the anterior height 67 mm greater than the posterior height 13 • The L5 vertebral body is also wedge shaped
with an anterior height approximately 3 mm greater than the posterior height3• As a
result of the wedge shaped lumbosacral disc and L5 vertebral body the superior surface
of L5 is much closer to horizontal than the lumbosacral articular surface.

The remainder of the lordosis curve is created by the vertebrae above L5 being placed in
extension. As a result of this extension the anterior portions of the intervertebral disc
are placed in tension and the posterior portions are compressed slightly.
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2.8

Nerves

The spinal cord runs through the vertebral foramen from the base of the brain to the
sacrum and is contained within a membrane called the dural sac. At each vertebral
level, spinal nerves exit the spinal column through the intervertebral foramina as
illustrated in Figure 2.26(a). It should be noted that any reduction in the intervertebral
disc height can result in the spinal nerves being compressed as they pass through the
intervertebral foramina.

Each of the spinal nerves is connected to the spinal cord by a dorsal and ventral root.
The dorsal root transmits sensory nerve fibres from the spinal cord to the spinal nerve,
while the ventral root mainly transmits motor control nerve fibres but may also transmit
some sensory fibres. Where the dorsal and ventral roots separate from the spinal cord
they pierce though the dural sac, however some of the dura material continues to
envelope these nerve roots, this material is referred to as the dural sleeve.

These

structures are illustrated schematically in Figure 2.26(b).

Nerve
Spinal Nerve

Intervertebral---H>~

Disc

(a)
Figure 2.26 Spinal nerves.
(a) Spinal nerves and intervertebralforamina. {Source: Plate 147 Neller'o]
(b) Schematic view of the dura, ventral and dorsal ramus. {Source: Bogduk et all]
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Immediately past the intervertebral foramina the spinal nerves divide into branches
called the ventral and dorsal ramus. Generally speaking the hunbar spine dorsal ramus
supply nerves for the back musculature and the lumbar spine ventral ramus supply
nerves for portions of the torso and lower limbs. The sinuvertebral nerves are recurrent
branches of the ventral rami that re-enter the intervertebral forrnina innervating the dura
material, intervertebral disc and posterior longitudinal ligament. Figure 2.27 shows a
schematic cross-sectional view of the nerves supplying the lumbar spine.
Anterior Longitudinal
Ligament
Intervertebral Disc

Posterior Longitudinal
Ligament

Zygapophysial Joint

Figure 2.27 Innervation of the lumbar spine.
Cross section of the lumbar spine showing the nerves supply for the lumbar vertebral bodies,
intervertebral discs and back musculature.
[Adapted from: Bogduk et all}
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When compressive loads are applied to the lumbar spine the curvature of the lordosis
curve increases, which results in the distance between the anterior edges of the vertebral
bodies increasing. This in tum places the anterior fibres of the annulus fibrosus and the
anterior longitudinal ligament in tension. When the tension in these fibres is equal to
the force tending to separate the vertebral bodies equilibrium is reached and further
deflection is prevented from occurring.

Thus the anterior portion of the annulus

fibrosus and anterior longitudinal ligament stabilize the lumbar lordosis. The lateral
portions of the annulus also help to stabilize the lordosis curve in a similar fashion but
they do not have the same influence as the anterior portion.

A key advantage of the lordosis curve is its ability to help absorb shock loads. In a
straight spinal column the transfer of shock loads is only delayed by the intervertebral
discs, as detailed in Section 2.5.2.1. However, in a curved spinal column shock loads
also result in further compression of the posterior of the intervertebral disc and
stretching of the anterior portion, effectively increasing the lumbar lordosis. As the
lordosis curve increases the tension in the anterior 10ngitudina11igament rises, diverting
some of the shock loading energy away from the vertebral bodies.
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2.9

Effects of Age

The structures and functions of the lumbar spine described in the previous sections of
this chapter reflect the properties of a normal, healthy, young adult spine, however, as
the spine ages these properties change.

With age the number of water containing cells in the nucleus pulposus decreases and as
a result the nucleus pulposus becomes drier, more granular and more fibrous 11,17. As
these changes occur, the differences between the annulus fibrosus and nucleus pulposus
also become less distinct 17 .

The most significant effect of the nucleus pulposus drying out it is that it is less able to
exert fluid pressure and hence it is not able to transfer as much weight. As a result of
this change more of the applied load is carried by the annulus fibrosus. To compensate
for this increased load bearing requirement the annulus fibrosus also remodels with the
collagen fibres increasing in thickness 7•

The cumulative damage sustained as the

overloaded annulus fibrosus is deflected during the course of daily activities also causes
the number of incomplete lamellae in the annulus fibrosus to increase7,17.
With increasing age the strength of the endplates also decreases 18 •

However the

integrity of the endplates is most strongly influenced by the strength of the underlying
vertebral bodies.
With age there is a general decrease in bone density and strength7,1l. As the bone
strength reduces some of the vertical trabeculae in the vertebral body are resorbed and
others are thickened. The horizontal trabeculae also resorb but are not replaced or
remodelled, removing their bracing effect during weight bearing. Therefore over time
the load carrying capability of the trabecular bone system decreases and more of the
load is carried by the vertebral body's cortical shell. As a result of this decrease in the
load carrying capability of the trabecular bone structures, the vertebral endplates can
micro-fracture, deform and/or gradually become concave.
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Changes due to aging also manifest themselves through a decrease in range of motion
and increasing hysteresis 14,16. The loss of range of movement has been measured in
both cadavers and living volunteers and is evident for both the entire spine and
individual intervertebral joints.

The increase in hysteresis is contributed to the

decreased water bearing capability of the intervertebral discs.
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2.10 lumbar Spine Pain
2.10.1 Types of Pain
Lumbar spine pain can be felt and caused by a wide variety of factors and mechanisms.
Typically pain is experienced in two ways.

Somatic Pain
Somatic pain arises as a result of stimulation of nerve endings in skin, bone, periosteum,
ligaments joint capsules and tendons. The trademark indicator of somatic pain is that it
can be localised or pin pointed to be occurring at a specific site. However the accuracy
of this site location is related to the number of specific nerve endings and the
representation in the sensory cortex of the brain.

The spine has a very small

representation compared with other structures, such as the hands.

Referred Pain
Referred pain is perceived in a region remote from the site of origin where nerve
stimulation is causing the pain. An example of this is low back pain associated with
pain in the buttock. The low back pain appears to be felt in the buttock, however
although the lowest levels of the back and buttock are served by the same nerve supply
(L4, L5, SI) the back nerves are supplied by the dorsal rami whereas the tissues of the
buttocks are innervated by the ventral rami.

The reason for referred pain is the

convergence of the nerve tissues within the spinal cord. The nerves that serve the
peripheral sites converge onto common neurones that relay to signals to higher centres.
In such a case the brain is unable to distinguish which peripheral input is activating the
common neuron. The trademark indicator of referred pain is that it cannot be localise,
with patients often indicating an area where pain is felt, rather than the site of origin.
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The neurological conditions which cause pain vary too.

Radicular Pain
Radicular pain arises as a result of irritation of spinal nerves or their roots by
mechanical or chemical irritation. Intervertebral disc herniation is the most common
cause of radicular pain and there is evidence that this pain is caused by the combination
of inflammation as well as compression of the nerve root, rather than by compression
alone6 •

Radiculopathy
Radiculopathy it is a neurological condition in which conduction is blocked or slowed
in the axons of a spinal nerve or its root. For example, compression of the axons can
cause radiculopathy.

This blocking of conduction in sensory axons can result in

numbness or alternatively blocking motor axons can result in weakness. It should be
noted however that radiculopathy does not cause pain instead it is a state of neurological
loss. If radiculopathy is associated with pain, the mechanism causing that pain may not
be the same as the one causing radiculopathy although it is commonly due to pressure
and biochemically induced inflammation.
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2.10.2 Causes of Back Pain
There are many possible causes and sites where back pain may originate from
including:
Muscles
Ligaments
Tendons
Bones
Zygapophysial Joints
Intervertebral Discs

As illustrated in Figure 2.27 the vertebral bodies and back musculature are innervated.
Accordingly any straining or tearing of the soft tissues or disorders such as tumours or
fractures of the bones can understandably cause pain. Pain can also result from aspects
of adjacent vertebrae colliding. For example the zygapophysial joints can be injured in
various ways through collisions with the adjacent vertebrae's posterior elements.

The intervertebral disc is also well supplied with nerves and hence can be another
source of back pain. Three major sources of intervertebral disc pain include disci tis,
torsion injuries and internal disc disruption.

Discitis
Iatrogenic discitis occurs when the intervertebral disc is infected by bacteria, normally
introduced by needles used for discography and as such is a rare condition. Iatrogenic
discitis is intensely painful and is evident on MRI and bone scans. However, the most
significant fact highlighted by this condition is that intervertebral discs affected
internally by a known and demonstrable lesion can be painful 1•
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Torsion Injuries
If the spine is forcibly twisted axially, damage or torsion injuries may occur to both the
zygapophysial joints and annulus fibrosus. Twisting around the normal axis of rotation,
shown in Figure 2.28(a), stresses some of the collagen fibres in the annulus fibrosus as
described in Section 2.5.2.2. If the vertebral body is rotated further, the centre of
rotation shifts to the impacted zygapophysial joint, as shown in Figure 2.28(b). Any
rotation around this secondary axis places additional lateral stress on the annulus
fibrosus.

This combination of axial and lateral stress can result in damage to the

zygapophysial joint or circumferential tears in the annulus fibrosus, as illustrated in
Figure 2.28(c) and (d). The risk of tearing fibres in the annulus fibrosus is compounded
if the intervertebral discs are also flexed during rotation.

.....
(a)

Capsular Tear

(b)

(c)

(d)

Figure 2.28 Torsion injuries.
(a) Twisting of vertebrae around normcil axis of rotation.
(b) When the zygapophysialjoint impacts, the centre of rotation shifts, placing addition stress on the
annulus fibrosus and opposing zygapophysial joint.
(c) This can result infracture of the articular facets or tearing of the zygapophysialjoint capsule.
(d) Alternatively the annulus fibrosus may tear circumferential/yo
[Source: Bogduk et all J
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Internal Disc Disruption
Disruption of the intervertebral disc internal architecture can take several fonns, but
generally includes degradation of the nucleus pulposus and radial fissuring of the
annulus fibrosus.

One of the common causes of intervertebral disc degradation is fracture of the
endplates. In some cases endplate fractures occur and heal without any pain. However
the repair of the endplate fracture can also cause degradation of the underlying nucleus
pulposus, as shown in Figure 2.29(a).

If the intervertebral disc degradation remains isolated within the nucleus pulposus it can
lead to localised resorption of the intervertebral disc and loss of intervertebral disc
height, as shown in Figure 2.29(b). Alternatively degradation can affect the nucleus
pulposus and cause radial fissuring of the annulus fibrosus, as illustrated in Figure
2.29(c).

Should such fissures extend through the entire thickness of the annulus

fibrosus, intervertebral disc herniation may result. This occurs when the application of
sufficient load causes the nucleus pulposus to be extruded through the fissure. The
extruded nucleus pulposus material may then compress the spinal nerves as illustrated
in Figure 2.29(d). Intervertebral disc herniation can also result in loss of intervertebral
disc height as the volume of the nucleus pulposus is no longer constant.

(a)

(b)

(c)

(d)

Figure 2.29 Intervertebral disc degradation.
Disruption of the nucleus pulposus (a) may lead to isolated intervertebral disc resorption (b).
Alternatively the degradation may lead to radialfissures in the annulusfibrosus (c). Ultimately
radial fissures extend far enough the degraded nucleus pulposus may herniate (d)
disc is subjected to sufficient load.
[Source: Bogduk et al11

if the

if the intervertebral

42

Even if intervertebral disc degradation does not progress as far as herniation, radial
fissures can cause pain. This may occur because collagen fibres which remain intact
after the annulus fibrosus has ruptured are required to carry a greater percentage of the
load and hence are over-strained. Alternatively the enzymes and breakdown products,
resulting from the degradation of the intervertebral disc, may cause inflammation of the
nerve endings exposed during the rupture of the annulus fibrosus. Figure 2.30 shows
different grades of annulus fibrosus fissure.

Figure 2.30 Grades of radial fissure.
Grade '0' no disruption of the annulusjibrosus. Grade '1' disruptions extend to the inner third of the
annulus jibrosus. Grade '2' disruptions extend to the outer third of the annulus jibrosus. Grade '3'
disruptions also extend to the outer third of the annulusjibrosus and spread between the lamellae.
[Source: Bogduk et all J

Aside from intervertebral disc degeneration, endplate fractures can also lead to other
complications, for example contact of the nucleus pulposus and vertebral spongiosa
may cause an autoimmune inflammatory response.

2.11 Summary
Ultimately there are many possible mechanisms and causes of low back pain and this
area has been extensively researched. When lumbar spine pain becomes sufficiently
debilitating often the only solution is surgical treatment, if a surgically correctable
lesion is demonstrated.
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Chapter 3 ~ Traditional Surgical Solutions
Spinal Arthrodesis or fusion is the traditional and currently most successful way to treat
degenerative spinal problems such as trauma, disease, defonnity, disc herniation or
spondylolisthesis. As detailed in Chapter 2 such conditions can cause intervertebral
tissue or bone to impinge on the nerve roots and may also cause adjacent vertebrae to
contact, resulting in chronic pain.

Spinal fusion allows the surgeon to eliminate relative motion between two or more
adjacent vertebrae, increase the space for the nerve roots, stabilize the spine and restore
spinal alignment, as required to reduce the patient's pain.

Spinal fusion basically involves removing the affected intervertebral disc and packing
the resulting cavity with an implant and/or bone graft to maintain the disc height.
Hardware may then also be added to the vertebral bodies and posterior elements to
ensure the resulting construct is stable and that no further motion occurs at the affected
level.

3.1

Spinal Fusion Implants

Depending on the patient's condition, size and weight, several different types and
combinations of implant are available. These implants range from simple cages used to
restore the intervertebral disc spacing, to complex scaffolding systems used to restore
stability and correct posture.
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3.1.1

Interbody Spacers

Interbody spacers come in a variety of fOlms, including cylindrical mesh tube and solid
spacers. However regardless of the shape or type of implant used they all serve the
same purpose which is to maintain the distance between the adjacent vertebrae.

Cylindrical mesh tubes offers the advantage that the surgeon can cut the required
implant(s) from stock lengths of material to match the patients intervertebral disc space
in theatre. Bone graft or bone cement is then packed into the tube just prior to it being
implanted, as shown in Figure 3.1. Figure 3.2 shows such a mesh tube implanted with
the tube axis aligned with the anterior/posterior axis.

Figure 3.1 Titanium mesh gage packed with autogenous cancellous bone.
{Source: http://www.spineuniverse.com/displayarticle.phplarticle 1670. html]

Figure 3.2 Cage placed at the fusion site.
Bolts for a lateral stabilizing plate are in situ in the vertebral bodies.
{Source: http://www.spineuniverse.com/displayarticle.phplarticle 1670. html]
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There are many types of solid interbody spacers available. The design of these implants
varies greatly although most are available in a range of sizes to suit different patient
weights and intervertebral disc spacings.

Two of the more popular devices are the

BAKJLTM Implant and the LT-CAGETM. These devices are illustrated in Figures 3.3
and 3.4 respectively. Solid interbody spacers are normally implanted with their long
axis perpendicular to the anterior/posterior axis, as shown in Figure 3 A(b).

---_..-"-

(a)

(b)

Figure 3.3 BAKlLTM implant.
(a) Singular BAKlLTM Implant. {Source: www.sulzerorthoell.com}
(b) Model with two BAKlLTM implants situated in LA-5 disc space.
{Source: http://www.spine-ctsi.comJcages.htm}

p

(a)

(b)

Figure 3.4 LT-CAG£TM.
(a) LT-CAG£T Mshown with INFUS£T M Bone Graft Material.
(b) Schenwtic showing LT-Cage™ placement in L5-SJ disc space.
(Source (a): http://www.back.comlarticle-infuse-surgical. html?inJusebox=yep}
{Source ( b): http://www.spineuniverse.comidisplayarticle.php/articleJ 523.html}

48

Regardless of which type of interbody spacer is used they are nonna1ly packed with and
surrounded by bone cement or more preferably bone grafts. Bone graft material is
nonnally taken from either the pelvis (ileum) or from parts of the vertebrae removed as
part of the fusion such as the spinous processes or laminar. In a successful fusion the
bone graft grows through and/or around the interbody spacer eventually fonning a solid
bond with the adjacent vertebrae.

Loosely, interbody spacers can be compared to

building blocks and the bone graft to the mortar that binds the structure together. The
intended result of an interbody fusion is a strong and stable construct.

3.1.2

Posterior Instrumentation

The purpose of posterior instrumentation is to provide the stability required for bony
fusion to occur and to ensure there is no relative motion of the vertebrae at the affected
spinal level(s). Ideally such posterior instrumentation provides the required strength
while remaining compact in design to minimise the implants profile. There are two
main types of posterior instrumentation, pedicle screw fixation and facet screw fixation.

3.1.2.1

Pedicle Screw Fixation

Pedicle screw fixation systems are one of the most commonly used types of posterior
instrumentation. This is primarily because the pedicles are the ideal point to attach
devices to the lumbar spine as they are strong; consist primarily of cortical bone, and are
rarely affected by degenerative diseases.

Typically the pedicle screws are inserted axially down the pedicles and tie rods or plates
are fastened to the screw heads to link the adjacent vertebrae together. The pedicle
screws used nonnally have a poly-axial head which allows misalignment of the screws
and scaffolding systems to be catered for.

The disadvantage of pedicle screw fixation systems is that significant muscle dissection
is required to access the pedicles and to insert the implant assembly. As a result of such
surgery muscle scarring and morbidity often result8,13.
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Figures 3.5 and 3.6 show two different pedicle screw fixation systems. Figure 3.6(a)
shows a schematic cross-section of pedicle screws in relation to the vertebrae.

(a)

(b)

Figure 3.5 Ovation TM Polyaxial pedicle scrf!W JIXation system.
(a) Ovation™ Polyaxial System showing a poly-axial screw, trial cap and outer ring assembly.
(b) Ovation VersalinkT M system in-situ on model.
[Source: hllp:llwww.osteotech.comlprodpoly2.htm]

(a)

(b)
Figure 3.6 Claris pedicle scrf!W JIXation system.
(a) Schematic view of Claris pedicle screws in-situ.
(b) Claris Titanium instrumentation on a lumbar spine model.
[Source: http://www.eurosurgical.comlClaris.html]
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3.1.2.2

Facet Screw Fixation

Facet screw fixation involves placing a few screws through the posterior elements to
prevent relative motion of the adjacent vertebrae. Typically options available to the
surgeon include placing screws through the zygapophysial capsule, across the
zygapophysial capsule and continuing into the pedicle, or alternatively, through the
lamina and into the zygapophysial joint.

This method offers the advantage of

minimising the amount of hardware required. It has been also shown that for single
level anterior interbody fusion facet screw fixation, with pedicle purchase, is as stable as
pedicle screw fixation but it is considerably less intrusive l ,4. Figure 3.7 shows an
example of facet screw fixation with two cortical bone screws passing through the
spinous process, lamina and zygapophysial joint.

Figure 3.7 Facet screw fIXation.
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3.2

Surgical Approach for Spinal Fusion

When fusing the lumbar spine the intervertebral disc can be approached several ways
including using anterior, posterior or lateral approaches or a combination of these. The
approach used is normally determined by the patient's condition, the type of implant(s)
being used and the surgeons' preference.

Some key factors in creating a successful spinal fusion include:
Relieving any pressure applied to the nerve roots
Removing all relative movement between vertebrae
Maintaining correct intervertebral disc height
Ensuring the spine remains stable
Causing no additional damage to the nerve roots during surgery
Minimising the formation of scar tissue.

The surgeons' ability to address these factors depends on the surgical technique used.
Several common surgical techniques used to perform spinal fusion along with their
relative merits and disadvantages are detailed in the Sections 3.2.1 through 3.2.4.
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3.2.1

Anterior Lumbar Interbody Fusion

Anterior Lumbar Interbody Fusion (AUF) involves making an incision in the abdomen
and displacing the bowel and blood vessels in order to access the intervertebral disc.
The theoretical advantages of this approach are that the vertebral bodies provide a large
surface area for the cage to contact and good blood supply for fusion.

The disadvantage of AUF is that it is often unable to restrict motion between the
vertebrae adequately and

it requires

the surgeon to

cut through abdominal

compartments. An anterior approach also requires the anterior longitudinal ligament to
be cut which severely diminishes the lumbar spines ability to retard the transmission of
shock loads, using the lordosis curve mechanism previously described in Section 2.7.

The graft material placed in the disc space during AUF can also collapse under the
compressive loads applied to the lumbar spine.

Therefore AUF often needs to be

accompanied by posterior instrumentation to increase the stability and success rate. In
the case of combined anterior and posterior surgery, instrumentation in the form of an
anterior "buttress" plate may be used to keep the bone graft in place, as shown in Figure
3.8. However such additional instrumentation can damage neighbouring blood vessels.

Figure 3.8 Anterior interbody fusion utilizing a cage and buttress plate.

rSource: http://www.spineuniverse.comldisplayarticle. phplarticle J670. htmlJ
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In recent years there has been increased interest in anterior only fusion with anterior
instrumentation in an attempt to avoid weakening and scarring of the posterior
musculature. However early attempts at this type of fusion and instrumentation have
not proven substantially more successful than posterior surgery. Failures have been
attributed to excessive motion still present after anterior-only surgery, the collapse of
the instrumentation into the vertebral bodies and malposition of the interbody spacers.
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3.2.2

Posterior lumbar Interbody Fusion

Posterior Lumbar Interbody Fusion (PLIF) involves approaching the spine through a 75
to 150 mm incision down the midline of the back. The left and right back muscles
(erector spinae) are then stripped off the lamina on both sides and at multiple spinal
levels.

After the initial incisions, the lamina is removed (laminectomy) which allows
visualization of the nerve roots. The zygapophysial joints may also be resected to create
more room for the nerve roots and to allow better visualisation of the affected area.
Once the nerve roots can be moved to one side sufficiently any impinging disc material
is removed. A bone graft, or interbody cage is then inserted into the disc space. Figure
3.9 shows a schematic diagram where the nerve roots have been retracted to aid in the
insertion of interbody cages.
Drilling (to
be followed
by placement
of the cage)

Retraction
of Dura

Figure 3.9 Retraction of the nerve roots to facilitate posterior interbody fusion.
[Source: http://www.lajollaspine.comlPatientCare_Minimallylnvasive.htm]

One advantage of PLIF is that the nerves of the lumbar spine can be clearly visualized
and decompressed, as required. Decompression can also be achieved using an anterior
approach, however it is a much more cumbersome and tedious process.
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There are several disadvantages associated with posterior fusion. Substantial retraction
of the nerve roots is required to gain access to the intervertebral disc space.

Such

traction can injure the nerve roots and may result in chronic leg pain and back pain. The
pain associated with this type of nerve root injury can be severe and on-going.
Currently there are no effective treatment options should such nerve damage occur.

Also in order to place the interbody cage or bone graft a substantial amount of bone, and
potentially part of the zygapophysial joint(s), must be removed. Removal of this bone
and joint can destabilise the spine which is counterproductive to forming a stable
fusion 12 • Significant trauma to the musculature also occurs due to the large incisions
required.

There are also numerous veins surrounding the intervertebral discs and

surgery in this area may also potentially cause excessive blood loss.

Currently only 60-70% of posterior fusions for the treatment of discogenic back pain
result in a satisfactory outcome7 •
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3.2.3

Transforaminal Lumbar Interbody Fusion

Transforaminal Lumbar Interbody Fusion (TLlF) is very similar to PLIF but differs in
that the disc is removed using a lateral approach. This procedure is usually performed
for disc problems at a single spinal level such as recurring disc herniation, instability of
the spine or chronic problems related to disc rupture.

The procedure involves an incision along the midline of the back to expose the posterior
elements of the spine.

Once accessible the lamina at the selected spinal level is

gradually resected until the nerve roots can be visualised. The nerves are then gently
mobilized to expose the intervertebral disc.

The disc is removed through either side of the spinal canal, although sometimes it is
possible to complete the procedure from one side only. Once the intervertebral space
has been cleared it is packed with interbody spacers and bone graft material. Often
posterior instrumentation is also added across the level to be fused. Additional bone
grafts may also be placed across the transverse processes to ensure a solid fusion.

It is possible to leave the posterior lamina and zygapophysial joints intact during TLIF

allowing the use of less invasive fixation methods. Figure 3.10 illustrates the Magerl
fixation technique which is a form of facet screw fixation.

This level of posterior

instrumentation is sufficient as the vertebrae are already partially stabilized by the
interbody spacers and the intact posterior zygapophysial joints.

TLIF still results in some scarring of the posterior musculature and also requires
potentially damaging mobilisation of the nerve roots. However the key advantage of
TLIF is the retention of the majority of the posterior elements, allowing a more stable
fusion to be achieved.
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Figure 3.10 Postoperative anterior-posterior x-rays of a TLIF.
Note that the disc has been replaced with bone graft and operative stability is achieved using the Mager!
fixation technique. The two trans laminar screws are clearly visible.
[Source: http://www.orthospine.com/tutorial/spinaCdecompression. html#6]

Recently TUF surgery has progressed to include the use of endoscopic instruments.
Percutaneous transforaminal spinal endoscopy is performed using an endoscope that can
bend up to 90 degrees and can pass around the intervertebral foramina into the spinal
canal. Disc fragments can be removed and the disc reconfigured, relieving any spinal
nerve compression with minimal disruption to surrounding structures, especially in
cases where the disc presents itself for direct removal. 2

Due to the less invasive nature of this endoscopic procedure patients are often able to
return to work within weeks as opposed to waiting up to 3 months with AUF or PUF
techniques.

Other advantages of this procedure include only small incisions being

required and no interference with the bone, joints or manipulation of the nerves.
Additionally, as some endoscopes can be inserted through muscle, there is reduced
scarring or damage to the nerves. However, endoscopic techniques are more suited to
relieving pressure on the nerves as a result of bone spurs or impinging disc material,
rather than conducting spinal fusions for which less favourable results are achieved,
accordingly enthusiasm for endoscopic spinal arthrodesis has diminished in recent
years.
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3.2.4

Circumferential Fusion (Anterior and Posterior)

Circumferential fusion involves a combination of anterior and posterior lateral
interbody fusions. This technique is usually performed with combination of interbody
spacers, bone grafts and posterior instrumentation. The posterior instrumentation may
include, but is not limited to, pedicle screws, rods, plates, wires and facet screws. The
instrumentation used depends upon the degree of instability, the amount of bone
structure present and the preference of the surgeon.

In general the circumferential fusion leads to a very high fusion rate. This approach is

desirable in situations where postoperative stability is of concern, for example, in
revision cases or for smokers. The disadvantage compared to anterior or posterior
procedures alone is the invasiveness of the surgery. Due to the need for anterior and
posterior incisions to access the spine, there is also an increased possibility of infection
and the formation of scar tissue.
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3.3

Disadvantages of Spinal Fusion

By eliminating motion at destabilised or degenerated intervertebral discs, spinal fusion
allows instability to be eliminated, maintenance of normal intervertebral disc space
height and preservation of sagittal balance. Spinal fusion also provides a means of
halting further degeneration at the affected vertebral level(s).

Depending on the

approach used, fusion also provides the opportunity to remove any material impinging
on nerve roots.

Good to excellent results have been reported in 52-100% of anterior lumbar interbody
fusions and 50--95% of posterior lumbar interbody fusions 6,14,17,19,20. However spinal
fusion has several key disadvantages which limit its effectiveness regardless of the
surgical approach or type of intradiscal and posterior hardware used.

Spinal fusion is not a benign procedure and numerous patients develop recurrent
symptoms years after surgery, as fusion disrupts the biomechanics of the adjacent spinal
levels. Hypertrophic facet arthropathy, stenosis, disc degeneration, and osteophyte
formation have all been reported to occur at levels adjacent to a fusion, and such
pathology often results in pain for many patients 3,5,8,10,1l,15,16. These complications often
result in the need to fuse the adjacent intervertebral discs as well.

Fusion also presents a number of other disadvantages including loss of spinal mobility
and graft collapse resulting in alterations of sagittal balance.

Many patients also

experience pain at the autograft harvest site, ifbone grafts are used.

Lehman et allo reported the long term results of lumbar fusions. A series of patients
who were treated with un-instrumented fusions were followed for 21-33 years. At last
follow-up approximately half the patients had lumbar pain requiring medication and
15% had required further surgery over the study period.
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Biomechanical experiments on fresh cadaveric spines also indicate an increase in
stresses in adjacent segments as a result of spinal fusion 9,ls. A change in the centre of
rotation of the adjacent vertebrae was also observed after fusion. Within the first five
years of spinal fusion new symptoms are often observed in adjacent segments. These
new symptoms are thought to be a result of accelerated degeneration of pre-existing
conditions due to increased stress in the adj acent segments after fusions.

All of these complications suggest that spinal fusion is not, in many cases, an adequate
solution for the treatment of back pain.

Therefore an artificial intervertebral disc with natural ranges of motion, stiffness and
stability could potentially provide a more successful long term solution than spinal
fusion.

For an artificial disc to be successful spinal stability needs to be preserved and scarring
kept to a minimum. To achieve this, a minimally invasive procedure should be used
which also allows the majority if not all of the boney features, ligaments and
musculature to be retained. Ideally any artificial disc should be designed so that there is
no need to resect the posterior elements, particularly the zygapophysial joints which
make a large contribution to spinal stability. There should also be minimal need to
manipulate the nerve roots during implantation. These factors suggest that an implant
designed for an anterior or lateral approach is preferable over a posteriorly inserted
implant.
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Chapter 4 - Specification & Analysis of Existing
Artificial Discs
4.1 Expansion of Problem Statement in Engineering Terms
This chapter details the final design specification for this intervertebral disc implant
project and the justification of these parameters. This specification was also used to
evaluate some of the other artificial disc implants currently available.
In 1997, Kostuik31 developed criteria for the design of an intervertebral disc prosthesis.
These criteria were used during the design of the Kostuik disc. To date only a few
researchers have published intervertebral disc design criteria and of those published
Kostuik's are the most comprehensive. Therefore during the development of the design
specification for this project some of Kostuik's criteria were used, however parameters
were expanded on and modified as required.

4.1.1

Load Carrying Requirements

The intervertebral disc implant is required to carry a percentage of the patient's static
body weight and the additional loads applied as the patient carries out various activities.

When the patient is standing upright and stationary the head, torso and anns apply
vertical loads on the lumbar spine segments. These masses represent between 50 and 58
percent of the patient's total body weight I6 ,29,41,63. Therefore for a patient weighing
100 kg the intervertebral disc implant will be required to support a 50 to 60 kg nominal
load.

During daily activities, the lumbar spine is subjected to significant biomechanical
forces.

Studies indicate that a intervertebral disc may experience axial compressive

loads ranging from 400 N during quiet standing to more than 7000 N during heavy
lifting4o ,60.

Large loads resulting from activities like heavy lifting only occur

infrequently as opposed to low load situations, like walking and lifting small weights,
which occur with a much higher frequency.
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In order to withstand a maximum load of 7000 N a very bulky, resilient disc would be
required, therefore the maximum design load was limited to 1200 N for the purposes of
this project. This load limit was considered acceptable on the basis that the patient's
spine would already be compromised and the patient could be instructed to avoid
strenuous activities such as heavy lifting.

As previously detailed in Section 2.6 the zygapophysial joints can carry a small
percentage of the applied vertical loads in certain conditions. There have been several
studies investigating this load carrying capability in the lumbar spine with results
varying from the zygapophysial joints bearing 28%36 to 40%27 percent of the vertical
load, to the zygapophysial joints carrying none of the load provided the lumbar spine is
placed in slight flexion2 • The reasons for these differences in findings are due to the
techniques used and researchers differing appreciations of the zygapophysial joint
anatomy and behaviour.

The morphology of the patient will also influence the loads applied to the implant. For
example patients with good abdominal muscle tone are able to use their torso as a
hydraulic tube thus allowing some weight bearing to occur through the pressurised
abdomen. Conversely patients with poor abdominal muscles, for example those with a
large gut, are unable to support weight in this fashion and as a result tend to lean
backwards so they can balanced all their weight on the lumbar spine.

However, for the purposes of this project the intervertebral discs were considered to
carry all of the applied loads and the zygapophysial joints and abdomen to carry none.
Hence the intervertebral disc implant will be required to carry a nominal load of 600 N
and a maximum load of 1200 N.
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4.1.2

Kinematics

The motion properties of the lumbar spine have been investigated USIng theoretical
studies 53 , cadaveric specimens7,40,51,62 and healthy volunteers 19,43,44,45,46. Studies which
utilised physical specimens were completed using a variety of measurement techniques.
The principal method for measuring the motion in healthy volunteers was bi-planar
radiography. In cadaveric studies direct measurements were normally taken.

Source

Flexion

Extension

Lateral Flexion
t-----r----t

Left

Right

Axial
Rotation

Shirazi-Adl 53
Schultz et aI 7,40,51
Yamamot0 62
Pearcy et a1 45 ,46

Study
Type
Theory
Cadaver

13 °

5.8°

5.5°

Cadaver

2°

3°

Volunteer

..........................................................................................................................................................................................................................................................................,..... .

Pearcy43
Dvorak l9

13°

3°

3°

Volunteer

9.5°

Volunteer

Table 4.1 Mean values of range of motion of L4-5.

The variations in the range of motion (ROM) values given in Table 4.1 may be due to
several factors, including the method used to measure the range of motion, the age of
the subjects and any pre-existing degeneration of the intervertebral discs.

There are also variations between the results obtained from living volunteers and
cadaver specimens. One reason for this discrepancy is that often in cadaveric studies
the applied loads are typically restricted to 10.6 Nm to reduce the chance of damaging
or excessively deforming the spinal segment.

However, in studies with living

volunteers the subject often bends to the most extreme position they can endure.
Studies of cadaveric specimens have additional disadvantages resulting from postmortem changes. Also these studies are often completed with the back musculature
removed, thus the measurements obtained may not accurately reflect the mobility of a
living subject.
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After consultation with an orthopaedic surgeon l3 the design ranges of motion for the
intervertebral disc implant were set as shown in Table 4.2.

Motion

Design ROM

Flexion

8°

Extension
Left Lateral Flexion

5°

Right Lateral Flexion

5°

......................." ..........................................................................................,......................................,., .................

Axial Rotation
Table 4.2 Design range o/motion.

These design range of motions values are lower than the values shown in Table 4.1 for
healthy volunteers, however these ranges of motion were considered to be adequate and
appropriate for a spinal column which has previously been damaged or diseased. While
larger design ranges of motion would match those values in the healthy lumbar spine,
such motions may result in further damage to the already compromised annulus fibrosus
and/or zygapophysial joints.

It is however noted that for patients suffering from ligamentous laxity, a condition

where the longitudinal ligaments are loose or stretched, these ranges of motion may be
insufficient. Patients should therefore be carefully screened prior to implantation of the
intervertebral disc implant.

The intervertebral disc implant could be designed so that the ranges of motion in lateral
bending are different to those for flexion and extension. However, if this is the case
then the implant should include alignment features to ensure correct orientation with the
patient's spine. Also, as the specification does not allow for any axial rotation, facility
should be provided to ensure accurate alignment of the implants' endplates relative to
each other during the implantation procedure to prevent any additional loading of the
zygapophysial joints.
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4.1.3

Centre of Rotation

Full flexion of the lumbar spinal segments involves a combination of 8° of anterior
sagittal rotation and 1-3 mm of forward translation. This combination of rotation and
translation results in each vertebra exhibiting a curved or arc motion relative to the
vertebrae below. In a healthy spine the centre of this arc lies below the moving vertebra
and is known as the instantaneous axis of rotation (JAR), as shown in Figure 4.1(a).

As the lumbar spine moves from full extension to full flexion the amount of sagittal
rotation versus sagittal translation changes. Consequently the location of the IAR for
each phase of motion differs slightly. Essentially, the axis of movement is not constant.
If the instantaneous axes of rotation are determined for each phase of motion and plotted
in sequence, they depict a locus known as the centroid of motion, as illustrated in Figure
4.1(b).

In healthy volunteers, the instantaneous axes of rotation fall in tight clusters, centred
near the superior endplate of the lower adjacent vertebra as shown in Figure 4.1(c)44.
As Kostuik 31 stated "Replicating the position of these axes in an intervertebral disc

prosthesis is critical in restoring the sagittal plane motions and in constraining the
motion of the nervous structures with physiological limits".

For the purposes of this project it was considered sufficient to create an intervertebral
disc implant with a fixed centroid of motion as shown in Figure 4.1 (a). Such a centroid
of motion should be located in the posterior third of the disc space. However, where
possible a centroid of motion similar to that illustrated in Figure 4.1 (b) should be used
to ensure normal loading of the zygapophysial joints.
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t5

(.o--j

<5-1
A

(a)

(b)

(c)

Figure 4.1 Instantaneous axis of rotation.
(a) Instantaneous Axis of Rotation (IAR).
(b) When the IAR are connected in sequence they depict a locus or path known as the centroid ofmotion.
(c) The mean location and distribution of IARfor a healthy lumbar spine. The central dot depicts the
mean location; the outer ellipse depicts the two standard deviation range.
[Source: Pearcy M J, et ar!4]
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4.1.4

Fatigue Requirements

The mean age of spinal fusion patients in the United States of America is 46 yearsl. To
reduce the trauma to the patient, it is desirable that the number of surgical operations
required be kept to a minimum. As Kostuik 31 stated "the disc prosthesis should lastfor

the life of the recipient. Therefore the life span of the implant should exceed 40 years ".

"The number and amplitude of load cycles experienced by a lumbar intervertebral joint
during the period of a year is a matter of speculation. However by assuming that the
average person experiences 2 million strides per year (1 million gait cycles), 125,000
significant bends (flexion and extension), and disregarding the 6 million breaths that
this person would take in a year, a conservative estimate of the number of spinal
loading cycles during the 40-year period would be 85 million cycles. Consequently, it
was determined that the device and the materials should be tested to at least 100 million
cycles ".

It was not clear what Kostuik's load cycle assumptions were based on, or whether these
assumptions were reasonable. Therefore to determine the fatigue specification for this
project the frequencies of typical activities were tallied. These values were then crossreferenced to deflection types and ranges of motion for the same activities.

This

allowed the number and severity of daily excursions in each direction to be determined.

The lumbar spine movements were first categorised, as either causing large or small
angular deflections. Large angular deflections are those that occur when a patient sits
down, stands up, bends to pick up an object or plays sport. Small angular deflections
are those that occur while performing tasks such as walking or breathing.
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Large angular deflections were found to vary in magnitude between patients and also
depending on the technique used to carry out the activity, for example patients have
different methods of putting on a sock. Hsieh et al 30 studied the level of flexion that
occurred in the whole lumbar spine when perfonning four daily tasks. The results of
this study suggest that activities such as picking an object up off the floor require full
flexion of the lumbar spine. However, activities such as sitting down or standing up
while resulting large angular deflections do not require full flexion of the lumbar spine,
as shown in Table 4.3. Large deflection activities were therefore further sub-divided
into full flexion deflection activities (8°) and moderate deflection activities (5°).

Activity

Peak Flexion Angle
(dcg)

Percentage of
Maximum Flexion

Full Flexion when Standing

61.3 (± 10.5)

100

Full Extension when Standing

23.0 (±8.7)

Stand to Sit

34.6 (±13.7)

55.8 (±22.1)

Sit to Stand

41.8 (±14.2)

65.9 (±21.4)

Pick up object off floor

60.4 (± 18.4)

95.3 (±22.2)

Put on Right Sock

56.4 (±15.1)

89.0 (±14.3)

Put on Left Sock

56.8 (± 15.9)

90.3 (± 15.2)

.... .................................................................................................................................................................................
~

Table 4.3 Mean (±SD) lumbar motion and percentage ofnormalised flexion for four daily activities.
3D

{Source: Hsieh et al J

Small angular deflections resulting from activities such as walking cannot be neglected
when considering the fatigue life of the intervertebral disc implant.

Although the

stresses resulting from these deflections may be small they occur with greater frequency
than the high stress significant bends. As a result these small angular deflections can
cause cumulative damage which influences the fatigue life of the implant.

Kostuik's fatigue requirements where based on an average person completing 2 million
strides per year, however, some researchers now consider up to 4 million cycles per year
to be nonnal 14 . Given patients requiring an intervertebral disc implant may be less
active that an average person, Kostuik's value of 2 million cycles per annum was
considered to be acceptable.
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The lumbar spine angular deflections for patients walking on flat, level ground have
been reported by several researchers. In each of these studies the results were reported
as a total deflection for the whole lumbar spine, as shown in Table 4.4. The variation in
the values reported by different researchers is most probably due to the different
measurement techniques used.

To determine the deflection per spinal level these reported values were evenly divided
across the five lumbar spine intervertebral discs. As a result the deflection per lumbar
spine level while walking was estimated to be 1° in each of the three angular deflection
planes, as shown in Table 4.4.

Angu lar Deflection

Motion

Flex/Ext

Lateral

Source

Whole Spine

Per Level

3°

<1°

TaylorS6

3-4°

:::::1 °

Callaghan 1S

8-12°

>2°

TaylorS6

1-2.5°

<1°

Callaghan 1S

....................... , ...... ,............ ,., .......................... ,................................... ,....................•................................................

................................................................, .......................... ,....................... ,......... " ....... ....... ........ ,, .... ,................ .
"

,,,

Whittle 6J
Axial

6.5°

> 1°

TaylorS6

2-3°

<1 °

Caliaghan 1S

..................................................................................................................................................................................

Table 4.4 Lumbar spine angular deflections when walking.

Motion coupling also exacerbates the number of deflections the intervertebral discs are
subjected to. Motion coupling means that as the spine deflects in one plane, deflections
also occurs in the other two planes. For example when a patient bends forward to pick
up an object off the floor the primary motion is flexion, however coupled rotations
(axial and lateral) and translations also occur. This is illustrated in Table 4.5 for flexion
and extension movements.
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Spinal
Level

Mean (SD) Rotation (degrees)

M ea n (SD) Tran slation (mm)

Sagittal

C oronal

Axial

Sagittal

Coron al

Axial

LI

8(5)

1(1)

1(1)

3(1)

0(1)

1(1)

........................ , ........................................................................................................................................................, .......................................................,,, ......................... .

=
L2
10(2)
l(l)
1(1)
2(1)
1(1)
1(1)
c .........................................._ ................................................................................................................................................................................................................. .
·8 L3
12 (1 )
I (1)
1 (1)
2 (1)
1 (1)
0 (I)
................................................................................................................................ ............................................................... ...... _
_
,

~

,

........................................... ... .

L4

13 (4)

2 (1)

1 (1)

2 (1)

0 (I)

0 (1 )

L5

9(6)

1 (I)

1 (1)

1(1)

0(1)

1 (1)

Ll

5(1)

0(1)

1 (1)

1(1)

1 (I)

0(1)

L2

3 (1)

0(1)

1 (1)

1 (1)

0(1)

0(1)

L3

I (I)

I (1)

0(1)

1 (I)

1 (I)

0(1)

L4

2(1)

1(1)

1 (1)

1 (1)

0(1)

1 (1)

L5

5(1)

I (I)

1 (I)

1 (1)

I (1)

0(1)

..........................................................................................................................................................................................................................................................................

=
o
=

.~

til

QJ
~

~

............................................................................................................................................................................................................................................................

................................................................................................................................................................................................................................................................

Table 4.5 Mean movements coupled withjlexion and extension of the lumbar spine.

l Source: Bogduk N, et ai"]
Given these activity ranges of motion the final fatigue specification would ideally be
detennined by cross-referencing these values with the frequencies at which these
activities occur.

However, there is little data available on the frequencies of typical

spinal activities. The test data that is available nonnally focuses on one activity and
gives a deflection range but no frequency value.

Therefore in order to detennine the number of daily deflections in each direction, two
approximations were made.

First the number of cycles occurring over a given time

period was estimated for several activities, as shown in Table 4.6. Next the time spent
carrying out these activities was estimated, allowing a tally of daily deflections to be
generated. The resulting deflections per day in each direction are listed in Table 4.7.

Activity

Cycles

Walking

80 per Minute

Running

120 per Minute

Sits

20 per Hour

Significant Bends

100 per Hour

Table 4.6 Estimated cycles per time period for typical daily activities.

Number of Angular Deflections per Day
Activity

Time
(Rrs)

Time
(Min)

(Table 4.6)

Cycles
(per Day)

Sleeping

8

480

o

o

o

60

80

4800

4800

75

o
o
o
o

6915

4800

Multiplier

Extension

Flexion

o
o
o
o

o
o

o
o

o

o

o
o

1800

o
o
o
o
o

75

o

75

o

75

75

Total
per Day

75

6600

315

6600

75

6675

27180

o
o
o
o
o

o

Axial

Lateral

........... ,................................... ............................. ............................ ..................................._... _..............................._........................................................................_......................................._....................... _........ _............... _...................................................................................................................

Walking
Sitting

12

720

20

240

Standing

2

120

o

o

Running

0.25

15

120

1800

Sig Bending

0.75

45

Totals

24

1440

100

240

o

o
o
o

1800

240

1800

Flexion Total

4800

o
o
1800

6915

Table 4.7 Estimates of daily activities, angular deflections and frequencies.

240

4800

o
o

4800

o
o
1800

I
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From the data in Table 4.7 it can be seen that the majority of the daily deflections occur
in the sagittal plane (flexion and extension).

The positive component (flexion) will

have the greatest influence on the fatigue life of the implant, as it has the greatest
number of daily excursions and the largest deflection range.

By extrapolating the

flexion data from Table 4.7 for 40 years of continuous service, as shown in Table 4.8,
the fatigue requirements of the implant were detennined.

Required Deflection
(Flex ion)

Percentage

Number of Deflections
over 40 years

1 degrees

69.5%

70M

2 degrees

26.0%

26M

5 degrees

3.5%

3.5 M

8 degrees

1%

1M

Total

100.5 M

Table 4.8 Fatigue requirements ofimplant inflexion over 40-year life span.

This fatigue analysis relies on the assumption that the fatigue properties of the implant
are not adversely affected by deflections in other directions. That is lateral deflections
do not affect the flexion fatigue properties, and visa versa. It should be noted that this
fatigue analysis yielded a similar total value to the 85 M specified by Kostuik 31 •
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4.1.5

Materials

The primary consideration when selecting materials for a biomedical application is
biocompatibility. That is, when implanted, the material selected should have no adverse
effects on the bone or soft tissues, such as inflammation, degeneration, toxicity, immune
response, carcinogenity, or mutation, to list a few 4 •

For the purposes of this project the materials considered were limited to those that have
already been well tested and proven commercially in other medical implant
applications. This restricted the number of candidate materials available and eliminated
many of the new implant grade alloys currently being developed. However, the use of
unconventional or untested materials would increase the development costs and time
span required, as more in-vitro testing would be required to ensure in-vivo
compatibility.

The implant should also be designed to minimise, or preferably remove all together,
articulating, contacting and gliding surfaces. As the surfaces of any contact couple
move against each other small particles shear off the parent material. These small
particles are referred to as wear debris.

The body's natural mechanisms can transport a small amount of polymer or metallic
wear debris away from the implant site using the lymphatic system. However when
thousands of sub-micron polymer particles are generated, for example with every step
taken by a hip implant, the lymphatic system becomes overwhelmed. The particles that
are not transported away from the joint capsule stimulate a macrophage induced
inflammatory response that can lead to bone loss and subsequent implant loosening.

The severity of the reaction depends on the volume, size and reactivity of the particles
and any biological incompatibilities with the debris.

Cement particles were once

exclusively blamed for such osteolysis. However research has shown that any particle
debris can result in bone resorption48,54. Therefore materials selected for any remaining
contact couples should be chosen to maximise wear resistance.
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Fatigue strength of the chosen material(s) is also of importance in order for the implant
to meet the fatigue life of 100 million cycles previously specified in Section 4.1.4. For
most materials this will require a design which results in stresses which are below the
endurance strength of the material selected. However, cyclic testing of the chosen
material(s) and complete implant will also be required to verify that the cumulative
damage effects do not adversely affect the fatigue life of the implant.
Kostuik31 also identified that "Galvanic corrosion is a concern
used",

if dissimilar metals are
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4.1.6

Geometry
31

Kostuik

stated "The implant should be contained primarily within the normal disc

space" to achieve this several factors must be considered including:

Preservation of the intervertebral disc wedge angle
Preservation of the annulus fibrosus
Endplate size
Disc height
Allowance for projections
In-growth of tissue

Preservation of the Intervertebral Disc Wedge Angle
As previously detailed in Section 2.7 the LS-S 1 intervertebral disc and lumbar vertebral
bodies are wedge shaped. The lumbar intervertebral discs are also placed in extension
slightly at rest.

Any intervertebral disc implant developed should therefore have

endplates which match the intervertebral disc wedge angle or be capable of conforming
to the required shape in-vivo.

Figure 4.2 Intervertebral disc wedge angles.
[Source: Bogduk et a 111 J
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Several researchers have reported intervertebral disc wedge angles which were found by
utilising measurements of the anterior and posterior disc height in combination with the
sagittal diameter3,5,24,57. These intervertebral disc wedge angles were typically reported
for the spine in a neutral or un-deflected position.

The LS-S 1 level has the most

pronounced wedge angle, with a mean size of 14.3°. The remainder of the lumbar
intervertebral discs have a smaller wedge angle that increases from L 1-2 to L4-S as
shown in Table 4.9. Figure 4.2 illustrates the wedge angles for the L4-S and LS-S 1
intervertebral discs.

Wedge Angle (Degrees)

Level

Range (Deg)

Mean (Oeg)

LJ-2

6.7-11.3

9

L2-3

S.l - 11.0

9.2

L3-4

S.S - 13.6

10.4

L4-S

10.4 -14.4

12.0

LS-S1

12.2-1S.4

14

Table 4.9 Intervertebral disc wedge angles.

If devices are added to the intervertebral disc implant to restrict the range of motion in
the sagittal plane (flexion and extension) they should not be affected by any predeformation of the implant, such as the implants' endplates being deflected to conform
to the intervertebral disc wedge angle. Alternatively a range of implants with different
wedge angles should be developed.
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Preservation of Annulus Fibrosus
Ideally the majority of the annulus fibrosus should be preserved, as it performs several
important functions as detailed below.
With the nucleus pulposus removed the annulus fibrosus alone is capable of
supporting virtually the same compressive loads as an intact intervertebral disc.
The fibres of the annulus fibrosus limit distraction, sliding and bending
movements of the intervertebral joint, thus preservation of the annulus fibrosus
will help to ensure normal loading of the zygapophysial joints.
The anterior fibres of the annulus fibrosus and to some extend the lateral
portions, help to stabilize the lumbar lordosis.
When an artificial disc is added t() the spinal column and load is applied, the
tapered endplates may cause the implant to displace anteriorly, effectively
ejecting it from the disc space, as shown in Figure 4.3. If the anterior portion of
the annulus fibrosus is retained it will prevent this from occurring by blocking
the implant's path.

Figure 4.3 Ejection of the implant from the disc space.
The angular relationship between the vertebral bodies may resuit in an implant being ejected from the
disc space when load is applied. Retaining the anterior portion of the annulus jibrosus will prevent this
from occurring.
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Therefore to preserve these natural load carrymg, stabilising and motion-limiting
mechanisms, any resection of the annulus fibrosus during the insertion of the implant
should be minimised. However some resection of the annulus fibrosus is unavoidable
during the insertion of artificial disc implants. The ideal site for resection is dependant
on several factors.

The anterior portion of the annulus is normally healthy, free of deformities and makes a
significant contribution to weight bearing, spinal stability and retaining the implant. An
anterior approach also requires the anterior longitudinal ligament to be cut and the
surgeon must operate through the abdominal chambers as detailed in Section 3.2.1.
Therefore resection of the anterior portion of the annulus fibrosus should be avoided
wherever possible.

The posterior portion of the annulus only makes a small contribution to spinal stability.
However if a posteriorly inserted implant is used it must be small and compact to
minimise the need to manipulate the nerve roots. Also such an implant should not
require the posterior elements to be resected. These requirements make a posteriorly
implanted intervertebral disc implant less viable and considerably more complex to
design.

The lateral portions of the annulus fibrosus support some of the applied compressive
loads and also help to stabilise the lumbar lordosis. However these contributions are
small provided the zygapophysial joints and the anterior portion of annulus fibrosus are
intact.

Therefore the most viable option is to resect and reflect one lateral wall of the annulus
fibrosus to facilitate insertion of the intervertebral disc implant.
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Endplate Size
The size of the lumbar vertebral endplates has been studied using radiographs 24 ,28,42,
cadaveric specimens 8, CT and MRI scans 3 •
parameters that are normally measured.

Figure 4.4 shows the vertebral body

The results of these studies exhibit some

variation depending on the disc level, age and sex of the patient. However, in general,
the endplates tend to increase in size from T12 to SI, with the transverse diameter
increasing approximately 15% and the sagittal diameter increasing approximately 10%.
The transverse diameter has been found to range between 25-63 mm with an average
dimension of 50 nun. The sagittal diameters reported range between 27-45 nun with an
average of35 mm.

As already detailed, the intervertebral disc implant should be contained within the
normal disc space and the majority of annulus fibrosus should be preserved where
possible. The anterior portion of annulus is approximately 7-10 nun thick, and the
posterior portion is significantly thinner at 3-5 nun thick. Therefore the sagittal diameter
of the implant should not exceed 25 nun.

The wall thickness of the annulus fibrosus decreases from the anterior portion to the
lateral portions.

Therefore given the lateral wall of the annulus is approximately

7.5 nun thick, the transverse diameter should be less than 35 nun.
Superior Endplate
Inclination j

}
Inferior Endplate
Inclination
Transverse
Diameter

Figure 4.4 Vertebral body dimension parameters.

Figure 4.4 also shows the typical superior and inferior vertebral body inclinations.
Panjabi et al42 reported a constant inclination of approximately 1.3 0 for both the superior
and inferior endplates at all levels of the lumbar spine.
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As detailed in Section 2.4.1.1 the vertebral bodies have high strength cortical bone on
their periphery and less dense, soft spongiosa material at the centre. The mean failure
load of the lumbar endplates has been found to range between 140-225 N at the
periphery and 50 N in the central regions 25 • The underlying vertebral cortical bone has
also been found to have regional variations, with the strongest points closest to the
pedic1es 6,25.

The addition of an artificial disc will result in the load being carried by three structures the vertebral body endplate, the trabecular bone and the implant endplate. If the implant
does not transmit the normal physiological stresses to the adjacent tissues a detrimental
response may occur. For example, if the surrounding bone is subjected to a stress lower
than naturally experienced then bone resorption may occur. Conversely if the stress
transmitted is greater than naturally experienced, bone deposition or stress fractures may
result.

In the case of the intervertebral disc implant, if the implant-bone interface is too stiff the
vertebral body will only be loaded at the outer edge of implant endplate while the
central area of trabecular bone will be under-loaded. This redistribution, or change, in
the stress profile is sometimes referred to as 'stress shielding'.

The implant should therefore exert the majority of the forces on the periphery of the
vertebral body, with the remaining portion of the load distributed across the remainder
of the endplate to ensure resorption of the underlying trabecular bone does not occur.
To achieve this, the stiffness of the implant endplate should be minimised, allowing the
implants endplates to conform to the vertebral body superior and inferior surfaces.
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Disc Height
As previously described in Section 2.8 the spinal nerves exit the spinal canal through
the intervertebral foramina, and it is at this point that the nerve roots are particularly
vulnerable to compression32. Therefore maintenance of the disc height, especially the
posterior aspect, is important. Long term restoration of the intervertebral disc height
will also ensure correct loading of the zygapophysial jointsll ,31.

The height of lumbar intervertebral discs has been studied by several researchers, using
lateral radiographs, MRI and CT scans 3,5,24,57.

The intervertebral disc height

measurements were normally taken where the lateral dimension was largest, typically at
the anterior edge of the disc. From these studies the intervertebral disc height was
found to range between 6-14 mm with an average height of 10 mm.

84
Projections
KostuikJ 1 stated that, "Parts of the implant may project outside the normal disc space to

provide short term fixation points. There should be provision for discs to be implanted
at contiguous levels with no overlap of projections". While interlocking projections
could be utilised, the implant should ideally be fully contained within the disc space to
avoid interference with the surrounding soft tissues. Also if interlocking projections are
included in the fmal design these should not compromise the adjacent vertebral bodies.
For example Figure 4.5 shows two designs for fixation protrusions, (a) shows a poor
design which will result in splitting of the vertebral body if the implant is used at
contiguous levels, (b) illustrates a better design which alleviates this issue.

Anchoring Fin
Implant Body

., .. "
(a)

(b)

Figure 4.5 Allowancefor using of the implant at contiguous levels.
(a) Poor protrusion design, the vertebral body may split due to alignment of the anchoring fins.
(b) Better alignment of the anchoring fins, by staggering the fins there is less chance of splitting the
vertebral bodies.

In-growth of Tissue
Should biological material grow into the implant's cavities, the implant should be able
to continue operating with little or no loss of function. Alternatively the implant should
prevent such in-growth from occurring. Periprosthetic ossification, or the growth of
bone around the implant, may also occur and similarly this should be prevented or be of
negligible importance.
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Summary
The intervertebral disc implant must meet several geometry requirements.

Where

possible the majority of the annulus fibrosus should be preserved to take advantage of
the natural load bearing and stabilising mechanisms; this is particularly relevant for the
anterior portion ofthe annulus.

Ideally the implant should be inserted using a lateral approach to avoid compromising
the annulus fibrosus and posterior elements of the vertebral bodies. Using such an
approach the implant profile during the insertion procedure can potentially be as large
as 25 x 10 mm (sagittal diameter x disc height).

However the implant insertion

dimensions should be minimised where possible so a small surgical window can be
used.

Allowance must also be made for fixation to the adjacent vertebral bodies and the
intervertebral disc wedge angle.

Figure 4.6 shows a summary of the key implant geometry requirements.

Figure 4.6 Summary of implant geometry requirements.
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4.1.7

Stiffness

Kostuik31 identified that in order to replicate load transmission between vertebral levels
the disc implant should " ... duplicate fully the intact disc's stiffness in all three planes of
rotation plus axial compression. Because of the predominance of sagittal plane motions
in the lumbar spine; duplication ofphysiological stiffness in flexion and extension was
deemed a critical aspect of design and a significant first step toward duplication ofjoint
stiffness ".

Reported values for the stiffness and maximum load properties of healthy intervertebral
discs are shown in Table 4.10.
Testing
Condition

Stiffness
Coefficient

Maximum
Load

Spine Region
Measured

Reference

Compression
2.5 MN/m
4500N
Lumbar
Virgin59
..........._------_........................ .......................__......__.........................-- .........__....................................._---- _._.................._. __......_. __.._._......__........_............_--...... ..........._............................................................
Lumbar
2.3 MN/m
5300N
Brown et al 12
.........__.__....................-...._-_...- ..-_.... ....._.._................_._-_......__........__..._..._......__..._.._....._.. ..................._.............._......._
._----_............-----_._-_............._......
..........- ..._...........
37
Thoracic & Lumbar Markolf
1.S MN/m
lS00N
._-_.-

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . _ _ . . . . . . . . . . . . . _ . _ _ ••• n .

1.0MN/m

lS00N

Thoracic & Lumbar

Markol:f 7

Shear

0.26 MN/m

150N

Thoracic & Lumbar

Markol:f 7

Flexion

2.0 Nm/deg

7Nm

T7-S/L3-4

Markol:f 8

Extension

2.6 Nm/deg

7Nm

T7-S/L3-4

Markolf38

Lateral Bending

1.7 Nm/deg

-

Lumbar

Yamamoto 62

Axial Rotation

4.0 Nm/deg

SNm

Lumbar

Farfan et at2 2

Tension

Table 4.10 Average stiffness coefficients from representative jUnctional spines.

If the stiffness of the intervertebral disc implant is significantly lower than the naturally
occuning values the stability of the spinal column may be compromised. Conversely if
the implant is too stiff additional exertion will be required for the patient to bend or the
implant will act as a rigid body and all deflection will occur at the remaining spinal
levels.

Therefore the intervertebral disc implant should have stiffness coefficients

similar to those found in a healthy lumbar spine.

If the implant is designed with directional stiffness, location and alignment features
should be provided to ensure correct alignment of the implant in-vivo.
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4.1.8

Fixation to Bone

Immediate and long-tenn fixation of the implant to the adjacent vertebral bodies is
essential. There are several types of fixation device which could potentially provide the
level of fixation required. These include screws, spikes, fins and in-growth of bone into
porous coated or macro-textured surfaces.
Kostuik31 categorised these fixation methods as follows. "Screws can be expected to
provide adequate fixation for no more than 6 weeks. Press fit type fixation components
(spikes, pegs, posts) are inadequate under tensile loading and also may be effective only
for a relative short time.

Porous coated and macro-textured surfaces require

approximately 6 weeks of no or small amplitude motion to establish fibrous bone ingrowth ".
Consultation with an orthopaedic surgeon 13 suggested that screws were capable of
providing fixation over periods greater than six weeks, but that the level of fixation does
degrade under high loads. If screws are used to provide fixation the implant should also
incorporate locking mechanisms which result in the screws becoming an integral part of
the implant, thus reducing the potential for wear debris generation.

Otherwise Kostuik's summary of the fixation techniques was considered to be accurate.
The fixation system selected should therefore utilise a combination of some or all of
these methods to ensure long-tenn fixation.

Adequate access to the fixation system during surgery should also be provided. For
example, if screws are used to retain the implant there should be sufficient space for an
insertion tool and visualisation of the screw head. Tooling may need to be developed to
aid insertion and fixation of the implant. The fixation system should also allow for the
use of the implant at contiguous levels, as detailed in Section 4.1.6.
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4.1.9

Failsafe

Kostuik31 specified that, "The device should be designed such that failure of different
components of the implant will not cause catastrophic failure of the lumbar
intervertebral joint or damage the surrounding nervous or vascular tissues.

The

integrity of the implants should be maintained in the event of an accident or an
unexpected mechanical shock to the spine ".

In order to ensure that these requirements are met any intervertebral disc implant
developed should be extensively tested in-vitro prior to any clinical trials. These tests
can, at least in part, be completed using test rigs that replicate all the loads and motions
normally applied to a healthy spinal segment. The intervertebral disc implant should
also be tested to destruction so that all the failure modes can be identified and analysed.
In conjunction with a failure mode and effects analysis, the aim of these in-vitro studies
should be verification that the implant is safe and reliable.

The surgical technique used to implant the device should be simple and repeatable such
that consistent results can be achieved following adequate surgical training. Accurate
positioning of the implant will also be critical to the success of the device. Accordingly
any instrumentation developed to aid in the insertion of the device should provide
adequate orientation and positional guides.

The final implant design should also allow for extraction should partial or catastrophic
failure occur.

If extraction is required the surrounding anatomy should not be

compromised to a point where a standard spinal fusion cannot be carried out. Simple
extraction procedures and tooling should also be developed as required to aid in the
removal of the implant.

It should be noted that the design of surgical procedures and instrumentation would

require extensive clinical consultation, and as such these tasks would be subsequent to
verifYing that the concept developed during this project is feasible.
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4.1.10 Specification
Table 4.1 shows the final specification for the intervertebral disc implant.

Each

specification item is ranked as either being of high or low importance. This ranking
allows critical implant features to be differentiated from features that are simply desires.

Load Carrying Requirements
Support 60 kg nominal load
Support 120 kg maximum load

High -(J)4 3 2 1 - Low
2 1 - Low
High -

Motions Requirements
Flexion: go
Extension: 2 °
Lateral bending: ±5°
Axial rotation:
<1 °
Match physiological stiffness
Features to prevent ROM and stiffness misalignment
Prevent excessive deflection

High
High
High
High
High
High
High

Material Properties
Biocompatible material
Minimise wear debris generation

High -(j)4 3 2 1 - Low
High -(j)4 3 2 1 - Low

Geometry Requirements
Maintain disc height
Cross section dimensions 25x35 rom (max)
Height dimension 10 rom (max)
Wedge Angle 9-14°
Implant using lateral approach
Allow for use at contiguous levels
Minimise stiffness of implant endplates

High
High
High
High
High
High
High

Design Requirements
40 year (100 million cycle) lifespan
Not fail catastrophically
Long-teon anchoring to adjacent vertebral bodies
Apply loads on periphery of adjacent vertebrae
Simple surgical technique
Preserve the anterior of the annulus
No pinch points
In-growth of tissue not affect implant perfoonance
Centre of rotation close to inferior endplate
Allow for standard treatment if required

High
High
High
High
High
High
High
High
High
High

Table 4.11 Specification.

503

-(J)4 3 2 1 - Low
-(j)4 3 2 1 - Low

-CD4 3 2 1 - Low
- 503 2 1 -Low
- 503 21 -Low
- 5 4(j)2 1 - Low
- 5 4 3(2)1 - Low

-(J)4 3 2 1 - Low

-503 21-Low
- 5@)3 2 1 - Low
- 5 4(j)2 1 - Low
- 5 40)2 1 - Low
- 5 40)2 1 - Low
- 5 4 3(£)1 - Low

-(J)4 3 2 1 - Low
-(J)4 3 2 1 - Low
- 5@)3 2 1 - Low
2 1 - Low
21 -Low
- 5 4(j)2 1 - Low
- 5 4(J)2 1 - Low
- 5 40)2 1 - Low
- 5 4 3(2)1 - Low
- 5 4 3Q)1 - Low

503
503
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4.2 Artificial Discs
The idea of developing an intervertebral disc implant is not a new one. Several different
styles of artificial disc have previously been developed and tested by other researchers.
The designs developed can be grouped into the following categories, articulating,
hydraulic and elastic. An explanation of each style of artificial disc follows, along with
assessments of the implants that have been developed to date.

4.2.1

Articulating Discs

Articulating discs are defined as those having two or more components that slide
relative to each other to provide the required motions. Articulating discs can be further
categorised as those having polymer-metallic wear couples and those with metallicmetallic wear couples. Discs with a polymer-metallic wear couple are often referred to
as composite discs.

The most commonly developed and clinical trialed discs are the polymer-metallic or
composite wear couple variety. Typically these artificial discs have concave metallic
endplates and a convex polymer insert. The most significant limitations of this type of
disc are the generation of wear debris and cold flow or creep of the polymer insert.

The softer of the two articulating materials will be the predominant source of wear
debris, which in the case of composite disc implants will be the polymer material. As
previously discussed if there is sufficient volume wear debris a macrophage response
may occur. This will in tum result in resorption of the surrounding bone stock and
implant loosening. Currently only one articulating disc implant includes a sheath to
contain any wear debris generated.

The compreSSIVe loads applied to composite discs may result in cold flow of the
polymer insert with resulting loss of disc height leading to narrowing of the
intervertebral foramina. In tum this may lead to compression of the nerve root and
incorrect loading of the facet joints. Ultimately, if the polymer insert defonns enough,
the implant endplates may not be able to slide freely over the insert surface causing the
implant to have a reduced or complete loss of function.
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Several metallic-metallic articulation or ball type artificial discs have also been
developed for the lumbar spine. One of the first attempts to produce an artificial disc
involved implanting stainless steel spheres in the intervertebral disc space. In 1966
Femstrom 23 reported on 191 such implants in 125 patients. Subsidence occurred in
88% of patients during the 4 to 7 year follow up period.

Metallic-metallic articulating discs also suffer from the same wear debris issues that
effect composite articulating discs, however with metallic discs the volume of wear
debris generated does not tend to be as great.

Neither type of articulating discs have any capability for axial compression and as a
result they are not able to retard shock loads as a healthy intervertebral disc would. Any
shock loads applied are therefore transmitted directly to the adjacent intervertebral
discs.
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4.2.1.1

Link 58 Charite Disc

The most widely implanted artificial disc to date is an articulating disc called the Link
SB Charite disc, which is shown in Figure 4.7.

This device is a composite disc

consisting of a ultra high molecular weight polyethylene (UHMWPE) spacer and two
metallic endplates and it is available in a variety of different sizes. It also features a ring
around the periphery of the spacer to improve its visibility on x-rays.

Figure 4.7 Link SB Charite Disc.
(Source: http://www.medscape.comiviewaniclel442451J

One advantage of the Link SB Charite disc is that it has a 'mobile sliding core' as
shown in Figure 4.8, which allows the rotation and translation movements of a healthy
intervertebral disc to be approximated.

Flexion

•

Extension

Figure 4.8 Link SB Charite Disc mobile sliding core.
(Source: LinkJ5 ]
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The Charite disc has been implanted in over a thousand European patients with
relatively good results. Additional clinical trials using the Charite III disc are ongoing
in Europe, the United States, Argentina, China, Korea and Australia. A number of
follow up studies have been reported by various authors.

David 18 reported on 85 patients who received Charite disc implant(s). Five years postimplantation 68% of the patients had good or better results, while 16% of patients had
poor results. Fourteen of the patients with poor results underwent secondary arthrodesis
at the prosthesis level.

Griffith et af6 reported the results of 93 patients 1 year post surgery, with the majority
experiencing pain reduction and increased mobility, however 5.6% of patients
experienced implant failure, dislocation or migration of the implant, three instance of
UHMWPE ring deformation were also reported.
Lemaire et al33 reported on 105 patients with a mean of 51 months of follow-up, 82% of
patients experienced low back and radicular pain relief. The study also reported that 11
patients

experienced

complications

including

vascular

problems,

temporary

neurological deficits, periprosthetic ossification, and implant settling.

The Charite disc is unable to prevent anterior translation of the vertebral bodies and as a
result the zygapophysial joints may be abnormally loaded. Wear debris generation is
another factor which needs to be considered when evaluating the Charite disc and
opinion ranges from there being no wear debris issues34 to these effects needing to be
investigated further39 •

The loss of disc height due to deformation or cold flow of the UHMWPE spacer could
also limit the long-term success of the Charite disc. Cold flow or plastic deformation of
the UHMWPE spacer may occur as a result of the small contact patches between the
endplates and spacer, the high compressive loads applied and the low compressive
strength of the spacer when compared to the endplates. If such cold flow occurs it will
affect the stiffness of the device and the rate at which wear debris is produced.
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4.2.1.2

ProDise

The ProDisc was developed in the late 1980's and is based on a composite spherical
articulation. The implant consists of three pieces, two cobalt chromium molybdenum
alloy endplates and a convex UHMWPE load-bearing surface. Figure 4.9 shows the
implant in its assembled fonn. The convex UHMWPE bearing surface snap-fits into the
inferior endplate.

The implant is attached to the vertebral bodies by a large central keel and two spikes on
each endplate. Physiologically the ProDisc can match the ranges of motion of a nonnal
spine in flexion, extension, axial rotation, and lateral bending, however the implant
makes no allowance for axial compression.

Figure 4.9 ProDisc implant.
[Source: hup:l/www.medscape.com/viewarticleI44245IJ

As the implant is modular the surgeon can customize the device to each patient's spine.
There are two endplate sizes (medium and large), three heights of the polyethylene
component (l0, 12, and 14 mm), and two lordosis angles (6 and 11 degrees) available.
This range of implant sizes allows the ProDisc to be used at L3-4, L4-5 or L5-S1 levels.

Between 1990 and 1993, 64 patients were implanted with the ProDisc implant. In 1999
the surviving 61 patients were extensively studied.

At the time of these 7-11 year

follow-ups all the implants were intact and functioning. There had been no implant
removals, revisions or failures.

No evidence of subsidence was seen on follow-up

radiographs and 90.8% of patients were reported as having excellent results, 7.4% had
good results and 1.8% had a fair result. 9
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Two-thirds of the patients had implants at a single spinal level while the remainder of
the patients had multiple implants at adjacent levels. There was no difference in the
outcome between the single and multi level implantations9• However if the implant is
used at contiguous levels the alignment of the fixation keels could potentially cause the
vertebral bodies to split, as previously discussed in 4.1.6.

A multi-centre trial of the ProDisc implant is currently in progress to compare the
ProDisc to 360 0 (front and back) fusion using allograft in the intervertebral space and
pedicle screws with autograft posteriorly. The ProDisc has been implanted in over 500
patients in Europe since December 1999 and a multi-centre FDA study was started in
the United States in October 2001. 64

However as for the Link SB Charite disc the ProDisc implant has the potential for
complications resulting from the production of wear debris and/or cold tlow of the
polymer bearing surface. ProDisc also makes no allowance for preventing anterior
translation of the vertebral bodies, thus the zygapophysial joints may be subjected to
additional loads.
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4.2.1.3

Bryan Cervical Disc

The Bryan Cervical Disc System, shown in Figure 4.10, is another composite
articulating disc. This design consists of a low friction, wear resistant, elastic nucleus
with two circular titanium endplates. A flexible membrane forms a seal around the
implant to contain a lubricant and to prevent the migration of wear debris. The implant
allows normal ranges of cervical spine motion and comes in five sizes ranging from 14
to 18 mm in diameter.

(a)

(b)

Figure 4.10 Bryan Cervical Disc.
(a) Plwtograph of the Bryan Cervical Disc.
(b) Partially sectioned CAD model of Bryan Cervical Disc.
[Source (a); http://www.medscape.com/viewarticle!442451J
[Source (b); http;llwww.spineuniverse.com/displayarticle.phplarticle 1883. htmlJ

Initial clinical experience with the Bryan Total Cervical Disc Prosthesis has been
reported as promising, with 51 patients being implanted. Twenty-six of the patients
implanted were followed for 6 months, after this time 92% of these patients had good to
excellent results with no significant subsidence or migration. 55 ,58

The nucleus of the Bryan disc will be subject to wear, which could limit the service life
of the implant. However the Bryan disc has been tested under laboratory conditions to a
total of 45 human equivalent years of neck movement with only a little wear noted 52 .
The Bryan Cervical Disc also reduces the risks of aseptic loosening by containing any
wear debris generated within the lubricant and flexible membrane. The membrane also
serves to stop biological in-growth.
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One of the key factors working in favour of the Bryan Cervical Disc is that it is
designed for use in the cervical spine where the applied loads are significantly lower
than those found in the lumbar spine. These lower loads will in tum help reduce the
volume of wear debris that is generated and amount of cold flow that occurs.

4.2.1.4

Kostuik Disc

The Kostuik disc has metal on metal articulation surfaces and a hinge pin mechanism
which allows it to provide full ranges of motion in the required directions. The implant
consists of two hot isostatically pressed Cobalt Chrome endplates and two Ti-6AI-4V
springs, as shown in Figure 4.11.

(a)

(b)

Figure 4.11 Kostuik Disc.
(a) Assembled view.
(b) Exploded view showing the hinge pin and springs.
[Source: US Patent 4,759,769]

The disc is able to rotate around the hinge pin to provide the flexion and extension
movements. The ends of the hinge pin also decrease in diameter and the pin holes are
elongated which allows 3-6 0 of lateral flexion to occur. The Kostuik disc also features
two springs which are intended to duplicate the intervertebral discs stiffness in flexion
and extension.
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The implant is rigidly anchored to the intervertebral bodies using cortical bone screws.
Spikes on the endplate also act to prevent implant migration and the endplates are
porous coated to provide long tenn rigid fixation.

There are however, a number of potential sources of wear debris with this implant
design. Schmiedberg et a149 tested the implant and found the spring pocket interfaces
accounted for 90% of the wear debris generated.

On average, the hot isostatically

pressed CoCr spring-pocket interfaces were found to produce 2.889 mm3 of wear debris
per million cycles. Forged CoCr spring-pocket interfaces were found to produce 1.216
mm3 per million cycles49 • These values are higher than those typically seen for Metasul
hip implants48 •

There are also a number of sites where biological in-growth into the implant
mechanisms may occur.

Six in-vivo trials have been conducted in sheep. After periods of three and six months
the soft tissue samples from these trials showed no signs of giant cell reaction and no
foreign bodies or foreign body reaction were detected 31 • No human clinical trials of this
implant have been reported to date.
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4.2.1.5

Bristol Cervical Disc

The Bristol disc, originally developed

In

Bristol, England, has a ball and socket

articulation and is made entirely of stainless steel. It is secured to the vertebrae with
screws and allows unconstrained motion in all axes of rotation.

(a)

(b)

Figure 4.12 Bristol Cervical Disc.
(a) Lateral cervical radiographs demonstrating the Bristol disc in flexion.
(b) Pfwtographs of the Bristol disc. Left: Lateral view. Right: Anterior view.
[Source: http://www.medscape.comlviewarticleI442451J

The clinical results for 20 patients with a mean follow-up period of 2.4 years were
reported by Cummins et all?

Patients with radiculopathy improved, and those with

myelopathy either improved or their symptoms stabilized. Two screws broke and there
were two cases of minor screw back-out; further surgery was not required in these
patients.

One joint was removed because it was loose, a failure that was thought to be due to a
manufacturing error. At the time of removal, the joint was firmly attached to the bone
and was covered anteriorly by a smooth scar. A detailed examination revealed that the
surrounding tissues did not contain any significant wear related debris.
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Joint motion was preserved in all but two patients.

Both of these patients had

undergone implantation of the device at the C6-7 level and in these cases the implant
was so large that the facets were completely separated. This size mismatch was thought
to be the reason motion was not maintained. No subsidence of the disc was reported.
As per the Bryan Cervical Disc the Bristol Disc is only intended for use in the cervical
spine where the applied loads are lower than those found in the lumbar spine. If
exposed to higher loads, such as in the lumbar spine, such an implant design may
exhibit wear and fatigue related problems.

It should be noted that the Bristol Cervical Disc incorporates locking screws which are

intended to constrain the fixation screws helping to prevent the generation of wear
debris at the fixation screw/implant interface.

The device is currently being manufactured in an assortment of sizes and additional
clinical studies are being conducted in Europe and Australia.
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4.2.2

Hydraulic Discs

Hydraulic disc designs attempt to recreate the natural intervertebral disc mechanisms
detailed in Section 2.5 .2.1. These discs consist of a fixed volume of fluid surrounded by
a flexible, high strength outer skin.

When a compressive weight is applied to a hydraulic disc the fluid pressure rises
exerting a radial load on the outer skin. The radial pressure in the fluid braces the outer
skin and the pressure on the endplates transmits the load from one vertebral body to the
next. During angular deflections of a hydraulic disc the outer skin in the direction of
movement is compressed and buckles while the skin on the opposite side is stretched.

Hydraulic discs have several advantages - they can be fully contained within the disc
space and they can absorb shock loads provided either the fluid is compressible or the
outer skin has some resilience.

4.2.2.1

Prosthetic Disc Nucleus

The most widely studied nucleus replacement is the Prosthetic Disc Nucleus (PDN)
with over 550 patients having been treated with this implant. The PDN replicates the
physiological functions of the nucleus and can restore disc space height. It is also the
only artificial disc implant currently available which allows the majority of the annulus
fibrosus to be preserved.

The PDN consists of a hydrogel core constrained within a woven polyethylene jacket
and is available in 5, 7 and 9 mm sizes. It is available in a wedge-shaped anterior
configuration and a rectangular posterior configuration, as shown in Figure 4.13.

Before being implanted, the PDN is compressed and dehydrated to minimize its size.
Once implanted, the woven outer cover allows fluid to pass through to the core, which
immediately begins to absorb fluid and swell. Most of the expansion takes place in the
first 24 hours after surgery, although it takes 4-5 days for the hydrogel core to reach its
maximum expansion. Placement of two PDN implants within the disc space provides
sufficient lift to restore and maintain disc space height in most patients.
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Another advantage of the PDN is that it is the only artificial disc that can distract the
intervertebral disc space. This distraction capability allows the Prosthetic Disc Nucleus
to be implanted into disc spaces as small as 5 mm.

Figure 4.13 Prosthetic Disc Nucleus (PDN).
{Source: http://www.medscape.comiviewarticleJ442451 J

In-vitro fatigue testing of the device has been performed at loads ranging between
200 Nand 800 N for 50 million cycles, with the device continuing to function as
intended47 . However it should be noted that a test load of this magnitude only accounts
for the loads applied during quiet standing. Therefore the results obtained may differ
when the implant is subjected to higher loads for example those that occur during
bending or lifting.

Sch6nmayr et also reported on 10 patients treated with the PDN with a minimum of
2 years of follow-up data, segmental motion was preserved all in cases. Migration of
the implant occurred in three patients, but only one required corrective surgery.

In a further study of 243 patients, Bertagnoli et al 10 noted marked improvement in most
patients, however they also noted that implant migration was the primary source of
complications. Moderate endplate remodelling was also observed in the majority of
patients with the endplates adapting to the contours of the implants. In a few cases
extreme remodelling resulted in a loss of disc height. This remodelling is probably due
to changes in the load distribution on the endplates.

Further clinical evaluations of this implant are being conducted in Europe, South Africa
and the United States.
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4.2.3

Elastic Discs

Elastic discs rely on the deformation of an elastic material to provide the required
angular motions and vertical compression.

The elastic compound used must have sufficient stiffness to support the applied
compressive loads but remain soft enough to allow the angular movements. If the
compound is too stiff additional exertion will be required for the patient to bend.
Conversely if the elastic compound is too soft spinal stability may be compromised or
cold flow of the elastomer may occur.

A number of elastic disc concepts have been patented, however only one has been
developed and clinically trialed.
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4.2.3.1

Acroflex Disc

The Acroflex Disc uses a hexane based polyolefin rubber core vulcanised to two
titanium endplates20 and

IS

only able to function correctly if there is good osteo-

integration of the endplates.

The results of initial clinical trials with this device were mixed. Six patients received
the Acroflex disc and were evaluated after a minimum of 3 years.

At the time of

evaluation the outcomes were reported as: 1 excellent, 2 good, 1 fair, and 2 poor. One of
the patients with a poor result developed a tear in the rubber at the junction of the
vulcanisation2o .

The second generation Acroflex-100 has since been developed.

This later model

implant consists of an HP-l 00 silicone elastomer core bonded to two titanium endplates
and is shown in Figure 4.14. Although additional patients have undergone implantation
of the Acroflex-l 00, the outcomes of these clinical trials have not been published 21 •

Figure 4.14 Acroflex Disc.
[Source: hllp://www.medscape.com/viewanicle!442451J
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4.3 Summary
A number of artificial discs have previously been developed for the lumbar spine.
While some of these discs have been successfully trialed none meet all the criteria laid
out in the specification component of this chapter.

The focus of this project was therefore to develop a new intervertebral disc implant
which meets all of the specification requirements.

Particular focus was paid to

developing an implant that minimised or preferably eliminated all wear debris
generation. This decision effectively ruled out the use of articulating discs. However a
number of new elastic and hydraulic disc concepts were developed, as detailed in
Chapter 5.
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Chapter 5 - Conceptual Design
This chapter details the generation and evaluation of conceptual designs for the
intervertebral disc implant.

5.1 Conceptual Design Process
To develop a design specification of any product, the task must be accurately expressed
in terms which are easily understood. This often requires the problem statement to be
broken down and associated with previous knowledge. Naturally during this process
some conceptual designs are generated.

Once the specification has been developed there can be a tendency to take a favourite
idea and start to refine and develop it as the final design. However, this is a weak
methodology and can lead to resources being expended on concepts which are not
optimal. A better practice is to generate as many conceptual designs as possible and
then evaluate each concept in relation to the design specification before making a final
selection for further development.
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5.1.1

Concept Generation

Several concept generation methods were used during this project, a brief description of
each follows.

Brainstorming is a group orientated exercise, during which group members
contribute unique ideas and build on ideas suggested by others. All of the ideas
generated are recorded. One of the key elements of brainstorming is that ideas
are not evaluated or criticised, in fact wild and outlandish ideas are often
encouraged as they can lead to new trains of thought and thus the development
of new and original concepts.
Incubation occurs in the subconscious mind. When presented with a problem
that cannot be readily solved, the subconscious mind continues to seek a solution
after the initial period of thought has ended. Given the problem and an array of
facts and past experiences the mind is able to form a variety of shifting,
continually changing solutions. When a workable solution is found a picture is
flashed into the conscious mind l .
Patents.

Searching patents can yield good ideas, however there are several

potential problems with this method. It can be hard to find or interpret the
appropriate material and interesting cpncepts which do not directly relate to the
problem can be distracting2 •
Discussions with outside parties can also lead to the development of new
concepts. People outside the development group are often able to see the overall
picture from a new perspective and can come up with new ideas accordingly.
Discussions with experts in the field can also help generate new ideas based on
previous knowledge they have acquired.

However, this method can have

drawbacks as experts may sometimes dismiss a potential solution because it has
not been done before or is considered to be unconventional.
Evolution or the merging of previously generated ideas can also lead to new
concepts being developed.
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5.1.2

Refinement and Initial Design

Once the generation of conceptual designs has been completed the concepts can be
refined as required. The aim of this task is to identify designs which have merit and
discard those which are impractical or are technically unsound.

If brainstorming has been used as a method of generating concepts then there may be
some concepts which can be quickly discarded as being impractical. However, some
concepts may require rudimentary analysis to determine if they are viable.

The refinement of ideas and initial design work can also lead to new concepts being
developed as the potential of each concept is fully realised.

5.1.3

Evaluation

During the evaluation of the concept designs the goal is to select the concept(s) which
has the greatest probability of succeeding while minimising the effort expended.

There are many methods for evaluating engineering conceptual designs. One of the
most common systems is to break the design specification into sub-tasks and weight the
importance of each item. Once this has been done, each concept can be evaluated by
scoring its effectiveness in fulfilling each sub-task. By multiplying the task weighting
and the concept's score a total can be found for each design, as shown in Table 5.1. The
concept which achieves the highest score should have the highest likelihood of meeting
all of the design requirements.
Weight

Score

60
50

28
Table 5. i Sample evaluation table.
Note: each sub-task is score against a common total. in this case each score is out oj i O.
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This method of selecting a final design can also highlight any areas of the selected
design which need additional work. For example in Table 5.1, Concept A achieves the
highest overall total but the low score for the wear component indicates that this area
needs further development.

It should be noted however, that this evaluation method does rely on the specification

correctly identifying all the requirements and on the assignment of appropriate weights
and scores. However, other evaluation systems also suffer from similar issues. For the
purposes of this project, in the author's opinion, an objective view was taken during the
evaluation process and an effort was made to avoid favouring any of the concepts.
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5.2 Conceptual Design of "the Intervertebral Disc Implant
As detailed in Section 4.1.5 wear particles can trigger a macrophage cellular response
which can lead to inflammation and the resorption of bone. For this reason a key
decision was made at the time of generating the intervertebral disc implant specification
and conceptual designs to develop an implant which produced no wear debris. The
implant was therefore required to have no sliding or articulating components. This
decision was made in spite of a number of articulating implants having already been
developed by other researchers. However, as discussed in Section 4.2.1 these implants
can be prone to wear debris generation issues. This decision did restrict the number and
type of concept designs that were generated though.

The conceptual designs that were generated are shown in Appendix 1. These designs
can be subdivided into three groups: metallic springs, hydraulic devices and elastomer
devices.

During the refinement of the metallic spring concepts it became clear that the material
properties would play an important role.

Accordingly the properties of Titanium,

Stainless Steel and Nitinol alloys were investigated as detailed in Appendices 2 to 4.
Table 5.2 shows some of the key mechanical properties for the materials investigated.
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Yield

Young's
Modulu s (GPa)

Strength (MPa)

4.428

105-116

870

4.51

103-107

200-480 (b)

300-350

316L S tainl ess
Steel

7.95

195

800-950

260

Nitinol

6.45

40 (c)

195-790 (c)

75 (d)

70-140

Ti-6AI-4V
CP Titanium
Grades 1-4

Fatigue
Strength (MPa)
575

(d)

250

(a)

(e)

Table 5.2 Key mechanical properties of the materials investigated.
Where: (a) Fine duplex microstructure.
(b) Increasing from 200 MPafor Grade I to 480 MPafor Grade 4 Commercially Pure Titanium.
(c) Austenitic phase.
(d) Martensitic phase.
(e) Stress controlled fatigue with an endurance limit of 106 cycles.

The stiffness and peak stresses for each metallic spring concept were then detennined.
A sample analysis of the z-spring concept is shown in Appendix 5. These investigations
revealed that the main issue with the metallic spring concepts was that if they fulfilled
the angular stiffness requirements then they had insufficient strength to support the
applied loads. Conversely, if the spring concepts were strong enough to support the
applied loads then their stiffness was too high and they would not allow any significant
deflections to occur. Therefore all of the metallic spring concepts were determined to
be unworkable.

The final design was therefore selected from the remaining pool of hydraulic and
elastomer conceptual designs using the evaluation method detailed in Section 5.1.3.
Evaluation sub tasks were detennined from the specification developed in Chapter 4 and
are detailed in Appendix 6.

Of the concepts evaluated the fluid filled bellows was

found to be the most viable solution, as shown in Table 5.3.

The decision was therefore made to proceed with developing an intervertebral disc
implant based on the fluid fi l1ed bellows concept.

Support
Loads

Motions

Match
Stiffness

Wear
Debris

Endplate

Cross
Section

Disc
Height

Axis of
Rotation

40 Year
Life

5

4

4

5

3

3.5

4.5

2

4

Total

Fluid
Filled
Bellows

262

Urethane
Spiral

203.5

Urethane
Block

218

Urethane
Annulus

188

Urethane
Balls

161.5

Table 5.3 Intervertebral disc evaluation table.
Note: An explanation of each sub task can be found in Appendix 6.
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Chapter 6 - Embodiment Design
This chapter details the principles behind the bellows intervertebral disc implant and the
design of key implant components.

6.1 Principles of the Bellows Intervertebral Disc Implant
In many ways the fluid filled bellows concept selected for further development

IS

similar to an intervertebral disc. Like an intervertebral disc the implant consists of a
fluid centre surrounded by a flexible pressure vessel.

Figure 6.1 shows a stylised

version of the bellows intervertebral disc implant.

Metallic
Bellows

Figure 6.1 Stylised bellows intervertebral disc implant components.
Note: Components are shown partially sectioned, not to scale and are not representative offinal design.

Metallic bellows, like the annulus fibrosus, are able to support internal pressure,
compress axially and deflected angularly.

Bellows can also resist relative lateral

deflections of the endplates and twisting over short lengths. However, on their own
metallic bellows are unable to transfer compressive loads like the stiff fibres of the
annulus fibrosus.

Bellows are also unable to stretch elastically to provide radial

expansIOns.

The fluid fill medium in the bellows intervertebral disc implant acts in a similar way to
the nucleus pulposus, it can be deformed by applied loads but it cannot be compressed.
When vertical loads are applied to the bellows intervertebral disc implant the fluid fill
medium tries to reduce in height and expand outward radially. This outward expansion
is resisted by the metallic bellows.
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The fluid fill medium also exerts pressure on the implant's endplates, however these too
resist defonnation. Therefore the fluid fill medium is unable to defonn either radially or
axially despite the application of loads and as a result the internal pressure increases.
This creates an effectively rigid structure that allows compression loads to be
transmitted from one endplate to the other and thus from vertebral body to vertebral
body, while still allowing angular deflections to occur.

Healthy intervertebral discs have the ability to slow the transfer shock loads by the
temporarily diverting some energy into stretching the elastic collagen fibres of the
annulus fibrosus.

However, as metallic bellows effectively do not allow radial

expansions to occur, any shock loads will be directly transferred from one vertebra to
the next. It is not anticipated that this will be a significant issue provided the adjacent
intervertebral discs are healthy and are able to retard some of the shock loading.
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6.2 Components
The primary components of the bellows intervertebral disc implant are the metallic
bellows and fluid fill medium, however several other components must also be
considered including:

Endplates and fixation mechanisms
Any additional load carrying features
Overload protection features
Motion limiting devices
Protective coatings

The design of the metallic bellows and other components is detailed in the remainder of
this chapter.

6.2.1

Metallic Bellows

Various forms of bellows have been used in many applications for several centuries.
Bellows were first manufactured from wood and leather and used to supply air to forges
and furnaces. Metallic bellows were developed early in the 20th century and since this
time have been used extensively as flexible joints in pressurised piping systems. In the
last 20 years bellows construction has become more sophisticated with complex
construction and material combinations being used to produce bellows which can be
used for engine thermostats, air conditioning expansion joints, fluid couplings,
aerospace components and expansion devices, to name a few applications.

6.2.1.1

Types of Metallic Bellows

There are two types of metallic bellows, formed bellows and welded bellows, both of
which have similar features. In general all metallic bellows consist of one or more
corrugations or 'convolutions' and each of these convolution has flat annular areas
called 'diaphragms'. The diaphragms are able to be distorted, in tum allowing the ends
of the bellows to be deflected. Figure 6.2 shows typical bellows terminology. It should
be noted that individual diaphragms are a feature of welded bellows but not formed
bellows.
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Figure 6.2 Sectioned view o/welded bellows showing common terminology.
(Source: Flexial Corporation 6 j

Figure 6.3 shows photographs of typical fonned bellows (a) and welded bellows (b).
Other components can also be added to metallic bellows, for example Figure 6.3(b)
shows a welded bellows which has a machined end cuff added.

Figure 6.3 Types o/bellows.
(a) Formed bellows. {Source: http://www.weldlogic.co.uk/level%202/Applipage.htmj
(b) Welded bellows. {Source: Flexial Corporation 6 j

The processes used to manufacrure fonned and welded metallic bellows along with a
summary of each type of bellows strengths and weaknesses are detailed below.
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Formed Bellows
Fonned bellows are manufactured from tubular stock using a complex die set and the
application of internal pressure, as illustrated in Figure 6.4. In the first stage of the
manufacturing process, stock material is loaded into the die set (a) and the inside of the
tube is then pressurised. As the stock material begins to bulge (b) the spacers between
the die plates are retracted while the internal pressure is maintained ( c). Finally the die
plates are moved together to fonn the convolutions (d). The last part of the fonned
bellows manufacturing process is to trim the bellows cuff to the desired length (e).

(a)

(b)

t

(e)

(d)

t

(c)

Figure 6.4 Formed bellows manufacturing process.
[Source: http://www.caradonhydrojlex.comimunufaclllring. hIm!}

The main advantage offered by fonned bellows is their ability to withstand high internal
and external pressures.

However, as the stock material must be drawn into the die set and stretched to fonn the
bellows only relatively shallow convolutions (spans) can be produced without
excessively thinning or rupturing the bellows wall.

This small span size limits the

amount of deflection fonned bellows can undergo before being damaged.
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The need for die plates during the manufacturing process also means that large radiuses
are fonned at the root and crest of each convolution. These radii do not contribute
anything to the bellows ability to deflect. The convolution radii also limit the number
of convolutions which can be fonned per unit length. This in tum results in fewer
diaphragms per unit length and thus the deflection range of fonned bellows is reduced
further.

The need to draw material into the die set and the physical size of the die sets means
there are limits to how long continuous lengths of fonned bellows can be.
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Welded Bellows
Welded bellows are also sometime referred to as welded edge bellows.

Figure 6.5

shows the manufacturing process for welded bellows. First individual diaphragms are
formed by punching them from a sheet of stock material (a). The inside edges of two
diaphragms are then welded together to form a convolution (b).

Finally multiple

convolutions are welded together to create a welded bellows (c).

Welding Fixtures
Diaphragm

f

Microscope

Bellows

Convolution

/
/

'--

~

(a)

"
J '

/

';

I

-

Welding Fixture

(b)

(c)

Figure 6,5 Welded bellows manufacturing process.
[Source: Flexial Corporation 6 j

Welded bellows are not able to withstand the same pressures as formed bellows,
however they do offer several advantages.

No radiuses are formed at the inner and outer edges of the convolutions during the
manufacturing process which allows the diaphragms of welded bellows to be much
closer together. Thus compact welded bellows can be produced with significantly more
diaphragms and a greater deflection range per unit length than formed bellows.

Welded bellows with large spans can also be produced as there are no forming limits
which restrict the ratio of the diaphragms inside and outside diameters. This means
welded bellows can be produced which have large amounts of flexibility.
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Fonned bellows can only be manufactured from materials which exhibit good
formability and elongation characteristics; however welded bellows can be produced
from any material which can be welded. Welded bellows also offer the advantage of
being able to collapse to a solid height where diaphragm welds contact each other, as
shown in Figure 6.6. In a collapsed state welded bellows can transfer very high loads
and pressures and then be released with no permanent damage. If fonned bellows are
collapsed to a 'solid height' the inner and outer radiuses will be crushed.

Figure 6.6 Bellows solid height.
[Source: Flexial Corporation 6]

The inner and outer radiuses of formed bellows are also sensitive to scratches and nicks
as these areas are highly stressed. However, the weld beads of welded bellows are
approximately 3 times thicker than the diaphragm material and can tolerate wear and
scratches without resulting in any degradation of the welded bellows performance. This
feature allows welded bellows to be used for applications such as valve stem seals
where valve stems may repeatedly contact and rub against the inner diaphragm welds.

Contours or ripples can be added to the diaphragms of welded bellows during the
manufacturing process. These features allow stress resulting from the application of
pressure and deflections to be redistributed across the diaphragms. Diaphragm contours
can also be used to increase or decrease the spring rate of welded bellows. Figure 6.7
shows some typical diaphragm contours.
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Flat 10

Flat
Cantilever
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Rippled
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Nested Ripple

Figure 6.7 Welded bellows diaphragm contours.

The major disadvantage of welded bellows is that they are not suited to dirty working
environments. Any solid material which gets between the diaphragms can act as a
fulcrum when the welded bellows are deflected, creating high localised stress in the
welds, which can in tum lead to premature failure of the welded bellows.
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Multi-Ply Bellows
Fonned and welded bellows can be constructed to have single or multi ply walls.
MUlti-ply bellows consist of several layers of material as opposed to one layer.

Given an identical overall wall thickness, single and mUlti-ply bellows can support the
same internal or external pressures. However, given the same overall wall thickness
multi-ply bellows experience less strain than single-ply bellows when they are
deflected. This characteristic means that multi-ply bellows can be designed to support
the same pressures and deflections as a single-ply bellows but they can be shorter or
have a higher fatigue life.

When fonning multi-ply welded bellows, all the diaphragms are joined with common
welds at the inner and outer edges. Figure 6.8 shows a partial section of a two-ply
welded bellows convolution.

Weld Bead

Lower
Diaphragms

Upper
Diaphragms

Figure 6.8 Welded bellows multi-ply convolution.

It should be noted that for most multi-ply applications a maximum of two plies are

nonnally specified so both layers of material can be visually inspected as required.
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6.2.1.2

Selection of Bellows Type and Manufacturer

Several metallic bellows manufacturers were contacted to determine whether formed or
welded bellows could meet the requirements laid out in the specification for the
intervertebral disc implant. Initial contact with manufacturers was by phone, followed
by a written specification.

The information provided during the phone calls and in the specification was
intentionally kept brief and broadly worded to reduce the possibility of compromising
any intellectual property associated with the project.

The specification sent to

manufacturers can be found in Appendix 7.

Of the five bellows manufacturers contacted, three responded. Two of these responses
were from formed bellows manufacturers and the remaining response was from a
welded bellows manufacturer.

Both formed bellows manufacturers stated that the specified length of the bellows was
insufficient to produce the required deflection range and life5,28.

The welded bellows manufacturer that responded was Flexial Corporation who are
based in the United States of America. Flexial stated that given the potential for debris
around the implant site they did not consider welded bellows were a viable option9 .
However, if the welded bellows could be shielded from debris then Flexial were
confident they could design a bellows capable of performing the specified motions for
the required number of cycles 10.

Given these responses the decision was made to continue development of the bellows
intervertebral disc implant using welded bellows supplied by Flexial Corporation.
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6.2.1.3

Detail Design of the Welded Bellows

After some discussion with the Engineering Manager at Flexial it was detennined that
the analytical design of welded bellows is a difficult task. This is because analytical
studies of welded bellows often do not reflect the performance of the bellows once
manufactured. Instead it is common practice in the welded bellows industry to modify
analytical results based on past empirical experience. This also applies to finite element
studies of welded bellows.

Therefore given these complications and as Flexial is an industry leader in the design of
welded bellows, the decision was made to subcontract the bellows specific design work
to Flexial.

During the design of the welded bellows, a process which took

approximately 9 months, Flexial took the lead role, with the author providing
instructions and detailed specification information and conducting verification
calculations were appropriate.

The first detail dealt with was the selection of a material.

The initial bellows

specification called for either Commercially Pure Titanium or Ti-6Al-4V to be used.
Although Ti-6AI-4V has the highest fatigue strength of these materials it has poor
fonnability and can work harden, affecting the forming of the diaphragm contours.
Therefore after consultation with Flexial, Commercial Pure Grade 4 Titanium was
selected. This material was chosen as it can be easily formed and it has the highest
fatigue and yield strengths of the Commercial Pure alloys.

During the design process several areas of the bellows specification were refined to
more accurately reflect the implant's needs and to include any additional information
needed. These changes included altering the number of deflection cycles the bellows
were required to undergo and reducing the internal pressure the welded bellows were
required to support. The reasons for these changes are detailed below.
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Number of Angular Deflection Cycles
The initial bellows specification called for the bellows to be able to deflect angularly 8°
for 100 million cycles.

However as detailed in Section 4.1.4 the implant does not

undergo 100 million 8° angular deflections.

The majority of the deflections are

significantly smaller. Table 6.1 below shows the final angular deflection specification
for the welded bellows.

Required Deflection
(Flexion)

Number of Deflections
over 40 years

1 degrees

70M

2 degrees

26M

5 degrees

3.5 M

8 degrees

1M
100.5 M

Table 6.1 Bellows fatigue requirements.

Another factor considered was that the fatigue performance of welded bellows is not
adversely affected by the angular deflections occurring in a variety of planes and
directions. That is, lateral deflections do not affect the flexion fatigue properties, and
visa versa. This was discussed with Flexial who stated that in their experience when
welded bellows are deflected around several axes, the fatigue properties around each
axis of deflection are unrelated. However in order to validate that this is the case for the
intervertebral disc implant, multi-axis fatigue testing of the bellows should be
undertaken.
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Internal Pressure
The most significant difficulty encountered while designing the welded bellows was
that the internal pressure was too high.

Initial design work indicated that to provide the specified ranges of motion a 2-ply
bellows with 15 convolutions was required. The inner and outer diaphragm diameters
of these bellows were 10.6 and 23.6 mm respectively and each ply was 0.0762 mm
(0.003 inches) thick. Using these dimensions the effective area of the bellows was
detennined using Equation 1 [Source: Flexial Corporation6].

.

7r

Effective Area = -

4

=

(OD+IDY
.-'------'--

(Eq.1)

4

230mm 2

The load carrying requirements for the implant were specified to be 600 N for static
loads and up to 1200 N during dynamic loading. Based on the above effective area the
static load applied to the fluid filled bellows implant would result in an internal pressure
of 2.6 MPa. However, the bellows specified by Flexial were only able to support a peak
pressure of 690 kPa l4 • Therefore, for the fluid filled bellows concept to be successful, it
was determined that either the pressure capacity ·of the bellows would have to be
increased or the load applied to the bellows reduced.

Theoretically, increasing the thickness of the diaphragms would raise the bellows
pressure capacity while reducing the deflection range, assuming the peak stress in the
bellows wall remains constant.

However, after consultation with Flexial it was

determined that while increasing the wall thickness of the bellows would analytically
improve the bellows pressure capabilities any significant increase in thickness would
make the bellows un-manufacturable. Specifically, with thicker diaphragms more heat
input is required to achieve a satisfactory weld. However, as the specified bellows have
a small diameter and pitch only small welding fixtures can be used. Any increase in the
heat input during the welding operations would result in the fixtures being unable to
chill the diaphragms sufficiently. This would in tum result in burning of the parent
material andlor the weld fixtures being melted and drawn into the convolution
welds 11,12.
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It was therefore decided that increasing the bellows pressure capability was not a viable

solution and the loads applied to the bellows would have to be reduced. Three potential
methods of achieving this were identified:

The internal pressure could be decreased by using bellows of a larger diameter.
However, as the bellows were already close to the maximum envelope specified
this was not considered to be a viable option.
An internal support could be added to the implant to carry some or all of the
applied loads. Any wear debris generated by this mechanism would be contained
within the welded bellows helping to preventing any osteolysis problems
associated with wear debris from occurring.

However, the use of a support

mechanism would increase the complexity of the implant and may adversely
affect the life ofthe metallic bellows.
The final load sharing mechanism considered was utilisation of the annulus
fibrosus. As previously described in Section 2.5.2.1 the annulus fibrosus is able
to support virtually the same compressive loads as an intact intervertebral disc.
Therefore by using a lateral approach to preserve the majority of the annulus
fibrosus the load the metallic bellows are required to support could be reduced.

The favoured method of reducing the loads applied to the metallic bellows was the
utilisation of the annulus fibrosus. To determine if this was viable several factors were
considered.
Markolf et a121 observed that during the first loading of post-discectomy intervertebral
discs they displayed increased deformation and reduced stiffness.

This change in

performance compared to an intact disc was attributed to fibres of the annulus fibrous
"mechanically altering" to form a new stable configuration. Some of the intervertebral
discs also exhibited bUlging after application of load. However, the key and unexpected
finding of this study was that when loaded repeatedly the response of the reconfigured
annulus fibrosus was very similar to that of an intact intervertebral disc. These trends
are illustrated in Figure 6.9(a). Markolf suggested this could be the reason patients who
have had some or all of a nucleus pulposus removed do so well postoperatively.
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Markolf also conducted creep tests during which the post-discectomy specimens were
loaded for a period of 15 minutes, before being unloaded. This loading and unloading
procedure was repeated several times for each specimen. During the first loading cycle
accelerated creep was observed, which was attributed to buckling of lamellae. However
during subsequent loadings the post-discectomy discs were observed to behave in a
similar fashion to intact intervertebral discs as shown in Figure 6.9(b).
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Figure 6.9 Load carrying capabilities of annulus fibrosus following discectomy.
(a) Load-deflection of annulus fibrosus post-discectomy.
(b) Creep of annulus fibrosus post discectomy.
(Source: Markolf et al2l ]

If the annulus fibrosus is to successfully carry a high percentage of the applied loads the
bellows intervertebral disc implant must confonn to the same load-deflection curve as
the annulus fibrosus. For example Figure 6.9(a) shows that during the application of a
60 kg load the annulus fibrosus compresses approximately 0.5 mm. If the bellows
intervertebral disc implant does not compress as far as the annulus fibrosus, then once
compression of the annulus fibrosus ceases any additional loads will have to be entirely
supported by the fluid filled bellows implant. To allow such compression to occur the
implant's fluid would have to contain a compressible component. The simplest method
of achieving this would be to only partially fill the metallic bellows with fluid.

In summary, if the bellows intervertebral disc implant can be designed to match the
annulus fibrosus load-deflection curve, there is no reason why the annulus fibrosus can
not be used to support a high percentage of the applied static and dynamic loads.
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Utilising the annulus fibrosus as a load carrying member also offers the advantage of
improving the stiffuess of the bellows intervertebral disc implant. Typically welded
metallic bellows have a low stiffuess. If a bellows intervertebral disc implant were used
on its own it could potentially result in the spinal column becoming unstable.

By

utilising both the annulus fibrosus and the metallic bellows their combined stiffuess will
be close to the stiffuess of a healthy intervertebral disc.

After additional consultation with Flexial it was determined that using such a strategy
suitable metallic bellows could be designed. However, the maximum compression the
welded bellows could sustain was 0.5 mm. As an additional safe guard the bellows
intervertebral disc implant should include an internal support which prevents deflections
in excess of 0.5 mm from occurring. If the implant is compressed 0.5 mm and the
internal support components contact, the annulus fibrosus will cease to carry any
additional loads.

Therefore the internal support must also be capable of carrying

compressive loads. The design of the internal support is detailed in Section 6.2.2.

While utilising the annulus fibrosus as a load carrying component is a viable option for
the bellows intervertebral disc implant, it would not work for the metallic spring
concepts previously detailed in Chapter 5. By utilising the annulus fibrosus the load
carrying requirements for the metallic springs would be reduced and the spring cross
sections and spring stiffness could also be reduced. However, the combined stiffness of
the spring and annulus fibrosus would still be too high and would result in insufficient
deflection occurring at the affected spinal level.
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6.2.1.4

Welded Bellows Specification

Given the modified fatigue and internal pressure requirements a final bellows
specification was developed and supplied by Flexial Corporation as detailed below I2,13.

Outside Diameter

23.6mm

Inside Diameter

10.61 rom

Estimated Free Length

9.5 nun

Material

Commercial Pure Titanium Grade 4

Thickness

0.0762 mm (0.003 in)

Number of Plies

2 ply

Number of Convolutions

15

Maximum Axial Stroke

0.5 mm (Compression only)

Maximum Angular Deflection

± 8 deg

Maximum Pressure

100 psi (690 lcPa)

Maximum Leakage Rate

1x1O,6 cc/sec of He @ 1 atmosphere differential

Predicted Life
0.5mm Compression and 8° angular deflection
0.5mm Compression and 5° angular deflection

lx106 Cycles
150xl06 Cycles

At the completion of the design work a quote for bellows with these specifications was
requested from Flexial.

The resulting quote was split into two components, a unit cost of US$884 per welded
bellows based on an order of 8 units and a non-recurring engineering and tooling charge
of US$7800. 23 The non-recurring engineering and tooling charge included preparation
of engineering drawings and the manufacture of tooling such as male and female
diaphragm stamping dies, weld tooling and gauging. This non-recurring charge would
only apply to the initial bellows order.
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Details of the diaphragm contours and the weld specification were not released by
Flexial at the time of quotation as they considered this material to be commercial
sensitive. However, Flexial were prepared to release this data on receipt of a confinned
order. 12
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6.2.2

Internal Support

As previously described an internal support is required to prevent the bellows from
being compressed more than 0.5 nun.

The internal support must be capable of

performing the same angular deflections as the bellows, while also separating to allow
the implant to move from an uncompressed to a compressed state and visa versa. The
internal support should also be able to carry applied loads once 0.5 nun of compression
has occurred.

Figure 6.10(a) shows the implant in an unloaded state with a gap between the internal
support components.

When load is applied to the implant it decreases in height,

compressing the gas and raising the internal pressure. Once sufficient load has been
applied the support components contact and prevent further deflection as shown in
Figure 6.1 O(b)

!~- -------------------------Bellows

Socket
(a)

(b)

Figure 6.10 Support separation and contacl.
(a) Unloaded implant assembly with a gap between support components.
(b) Loaded implant assembly, when sufficient load is applied the support components contact.

The simplest mechanism which can support compression loads and deflect angularly
while still being able to separate, is a pair of spherical contact surfaces.

Spherical

contact surfaces have also been used in several other medical implants. Hip implants
utilise a ball and socket arrangement to provide the required motions. Similarly, knee
implants have two spherical surfaces which slide and roll relative to each other to
provide angular deflections. Hip and knee implants have also been found to exhibit
small separations when deflected in_vivo l6 ,l7,l8}O,22.
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The decision was made to develop an internal support mechanism which incorporated
spherical contact surfaces. Several factors where considered during the design of the
internal support including optimising the design and size of the support components,
material selection and surface roughness. Another factor considered when optimising
the internal support was minimising the volume of wear debris produced by the internal
support. This was deemed important as any solid material which gets between the
convolutions can adversely affected the life of the welded bellows, as detailed in
Section 6.2.1.1.
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6.2.2.1

Conceptual Designs

When metallic bellows are deflected angularly they tend to rotate around their centre of
geometry, as indicated in Figure 6.11.

Any support system added to the implant

assembly must not alter this centre of rotation. Failure to achieve this may result in the
bellows being subjected to additional or abnormal loads and deflections, which may in
tum result in a reduction in the bellows life.

r

Centre of Rotation

l ~
Figure 6.11 Bellows natural centre of rotation.

Two different groups of spherical support concepts which allow the bellows to rotate
around their centre of rotation were developed.

The first group consisted of a ball and socket arrangement similar to a hip implant.
When angular deflections occur one surface "slides" relative to the other, as indicated in
Figure 6.12.

While this support arrangement meets all the requirements the sliding

motion may produce wear debris.

As previously detailed in Section 6.2.1.1 any

material, including wear debris, which gets between the bellows diaphragms can act as a
fulcrum producing high localised stress in the bellows welds and potentially lead to
premature failure of the bellows. Therefore if a sliding support is used it should be
designed to produce minimal wear debris.
Centre of Rotation

Bellows
(a)

Sliding at Interface
(b)

Figure 6.12 Internal support causing sliding at interface.
(a) Load applied compressing bellows and closed support gap, no angular deflection.
(b) Load applied compressing bellows and closed support gap, with angular deflection.

141
The second support arrangement considered is similar to a knee implant with the
required motions being provided by the two support surfaces "rolling" relative to each
other. Figure 6.13(a) shows the implant assembly in a loaded but undeflected state. As
the implant deflects angularly the convex support component rolls over the surface of
the concave component, as indicated in Figure 6.13(b).

This system offers the

advantage of producing less wear debris than the sliding support. However, when a
rolling support is deflected the central points separate and the overall height of the
implant increases. It may be possible to accommodate this change in height or 'lift'
though, as it effectively results in the bellows being decompressed.
1;

Fluid

I~centre

+

of Rotation

Bellows

(a)

Rolling at Interface
(b)

Figure 6.13 internal support causing rolling at inteiface.
(a) Load applied compressing bellows and closed support gap. no angular deflection.
(b) Load applied compressing bellows and closed support gap, with angular deflection.
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6.2.2.2

Size Optimisation

The most significant factor influencing the design of rolling and sliding supports is the
contact stress at the interface of the two components when they are loaded.

The

magnitude of the contact stress is dependent on the size of the spheres and the elastic
properties of the two components. Hertz8,27 developed theory to determine the contact
stress for a sphere in a spherical socket as shown below in Figure 6.14 and Equation 2.

p

Figure 6.14 Sphere in a spherical socket.

(Eq.2)
Where

Where:

Max

CTe

p

=

Maximum Contact Stress (MPa)
Loan (N)

D = Diameter (m)

E = Elastic Modulus (GPa)
u

Poisson Ratio (-)

Determining the size of the sliding internal support components was relatively simple as
the component dimensions are only influenced by the contact stress, internal diameter of
the bellows and the thickness of the support socket. These limiting dimensions are
shown in Figure 6.15.
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Internal

Figure 6.15 Thickness of sliding sllpport socket.

There are several factors which influence the size of the rolling internal support
components including:
The contact stress.
The internal geometry of the metallic bellows.
The position of the contact point when the implant is deflected.
The amount of lift that occurs as the implant is deflected.
The internal diameter of the bellows limits the size of the rolling support components.
However, unlike the sliding support the radii of the spherical faces can be larger than
the inside diameter of the metallic bellows. Specifically, there is no need for the roller's
spherical face (R 2) to be tangential to the cylindrical face of the roller as shown in
Figure 6.16.
Tangent

(a)

(b)

Figure 6.16 Cylindrical-to-sphericaltangency comparison for the internal support.
(a) The sliding suppon requires the spherical contact sUlface to be tangential to the cylindricaljace oj
the concave component.
(b) The spherical contact surface jor the rolling sllpport can have a large radius (R 2 ) as there is no need
jor the contact surface to be tangent to the outer jace oj the conca ve component.

It is important that during 8° deflections the rolling support's contact point is not too

close to the edge of the components. Failure to do so may result in the edge of the
support components being damaged or the implant becoming unstable. The position of
the contact point (R

Contact)

is dependent on the radii of the components and the amount

the implant deflected (8) as indicated in Figure 6.17.
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Given the importance of the contact point radius (R

Contact)

it was set to be a controlling

variable along with the socket radius (RJ). The peak deflection (8) of the implant was
previously specified to be 8°.

Given these variables the roller radius (R2) could be

determined, as shown in Equation 4.

:;0
N

Contact
Point

RContact

Figure 6.17 Rolling support contact point radius during deflection.

Where: RJ = Socket Radius

a=jJ-B

R2

=

Roller Radius

8

=

Deflection Range (8°)
(Eq.3)

Therefore
(Eq.4)
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The final factor influencing the design of the rolling internal support is the amount the
roller lifts as the implant is deflected as indicated in Figure 6.18.
previously noted, result in the implant being decompressed.

This lift will, as

The amount of lift is

dependent on the radii of the roller components (R, & R2 ), the contact radius (R

Contact)

and the amount the implant is deflected (8) as shown in Equation 5

....:;0
I

u--

:;0

N

Figure 6. J8 Lift as a result of rolling support deflection.

R) - R2

----'----=- =

Sin()

R2 + Lift
--=--Sin a

Lifi =(Sina( R~i::' ))-R,
Substituting for Sin a from Equation 3

(Eq. 5)
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Using the relationships developed in Equations 2, 4 and 5 the effects of varying the
rolling support's socket diameter (Rl) and contact radius (R

Contact)

were investigated. In

each case a peak deflection of 8° was used.

As shown in Figure 6.19 increasing the radius of either the socket (Rd or the contact
point (R

Contact)

results in an increase in the roller radius (R2).
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Figure 6.19 Required roller radius (RJJ for varying socket and contact point radii.
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The main factor influencing the amount of lift that occurs as the implant is deflected is
the contact point radius (R

Contact)

as shown in Figure 6.20. Changing the socket radius

(R,) has little effect, except for small values of R, and larger values of R

Contact

when a

discontinuity occurs and the amount of lift increases.

0.40
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~tactPoint
RContact

(mm)

Figure 6.20 Lift resulting from 8° angular deflection Jar varying socket and contact point radii.

148
Altering the socket radius (R 1) has very little effect on the resulting contact stress as
shown in Figure 6.21.

However the contact point radius (R

Contact)

has a strong

influence, with small values resulting in high contact stresses. It should be noted that
the contact stress values shown in Figure 6.21 are indicative only and were determined
using a unit load applied to a cobalt chrome roller and socket.
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Figure 6.21 Contact stress for varying socket and contact point radii.
The contact stress was determined using a unit load applied to a roller support system constructed from
chrome cobalt and thus is indicative only.
Note: For clarity the socket radius (R J) and contact point radius (R
compared to Figures 6.19 and 6.20.

Contact)

axes are reversed when
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A summary of the effects the socket radius (R I) and the contact point radius (R

Contact)

have on the rolling internal support are shown in Table 6.2. As can be seen, it is not
possible to achieve a low contact stress while also minimising the amount of lift that
occurs. Therefore mid-range socket radius and contact point radius values are required
to achieve a workable balance between the lift and contact stress.

Socket Radius

Contact Radius

Roller Radius

Lift

Contact Stress

Small

Small

Small

Small

High

Large

Small

Small

Small

High

Small

Large

Small

Large

Low

Large

Large

Large

Large

Low

Table 6.2 Summary of socket and contact point radii effects.

150

6.2.2.3

Material Selection

There are several factors which influence material selection for sliding and rolling
internal supports, these include the following.

The magnitude of the contact stresses generated between spherical surfaces is
influenced by the material's properties as can be seen in the CE component of Equation
2. By maximising CE the contact stresses can be minimised. This can most easily be
achieved by selecting materials with low moduli of elasticity.

Material combinations with differing hardness are sometimes utilised so one component
wears predominantly.

This can be used to advantage, for example, in the sliding

support with the socket component being made of a softer materiaL As the soft socket
wears the size of the contact patch will increase and the surface stresses will decrease.
Differing hardness can be a disadvantage however if the surface of the harder
component is damaged and a cutting edge is effectively created.

In such a case

additional wear debris will be produced. By utilising materials which have similar or
identical hardness it is possible to produce a system in which both components wear
more uniformly.

The use of two hard materials can result in a system which produces small volumes of
wear debris. For example the use of two chrome cobalt surfaces will result in a system
which produces low volumes of wear debris and the wear particles produced will
typically be small in size. However a support system with two chrome cobalt surfaces
will have high contact stresses.
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Table 6.3 shows a summary of the materials considered for the internal support
components.

Several combinations of these materials were trialed for both types of

internal support as shown in Tables 6.4 and 6.5.

Modulus of
Elasticity (£)
(GPa)

Material
7

Chrome Cobalt
31
CP Ti Grade 4

Poisson's Ratio (\»
(-)

Compressive Yield
Strength (O"c~)
(MPa)

241

0.3

105

0.35

550

llot

0.26

917

2.0

0.45

98

1.7
0.69 30

0.45
0.45 24

99

................................................................................................" ... ".,." .................................................................................................
...................................................................

Ti-6AI-4 y 31
Radel R4400 32

...................................................................

,

..............................................................

Radel R5500
UHMWPE

32

.............. , ..................................................................................................................................................................................................... ..

Table 6.3 Summary of internal support material properties.
Note: Radel is a trade name for POlyphenylsulfone.
Note: t

= value estimated from tensile value.
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6.2.2.4

Stress Analysis

The contact stresses at the interface of the sliding and rolling internal supports were
detennined analytically using Equation 2. Finite element studies of the internal support
components were also conducted in a FEA package called Ansys.

Sliding Support
The dimensions of the sliding support components were set to be as large as possible,
thus maximising the KD component of Equation 2 and minimising the maximum contact
stress. As previously noted the internal geometry of the bellows limits the size of the
sliding support components. Therefore, with an internal bellows diameter of 10.61 mm
it was detennined that a sliding support diameter of 7.S mm was appropriate. Support
components of this size will fit in the bore of the metallic bellows while not interfering
with the diaphragm welds when the implant is deflected. This value also ensures the
socket is not too thin, as previously indicated in Figure 6.IS.

The diameter of the

convex support component was set to be 0.1 mm smaller than the socket diameter to
allow for manufacturing and assembly tolerances. This diametrical clearance is typical
of those found in hip implants

l9

.

This resulted in the final sliding support system

having a socket diameter of 7.S mm and a ball diameter of 7.4 mm.
Contact stresses were then detennined analytically using Equation 2 and an applied load
of 600 N. Table 6.4 below shows the resulting contact stresses for several material
combinations. From these results it can be seen that any of the material combinations
trialed are capable of supporting the applied loads.

Material Combinations
Socket
Material

Chrome
Cobalt

UHMWPE

UHMWPE

UHMWPE

Radel
R4400

Radel
RSSOO

Support
Material

Chrome
Cobalt

Chrome
Cobalt

Ti Grade 4

Ti-6AI-4V

Radel
R4400

Radel
RSSOO

0.008

1.160

1.164

1.164

0.798

0.938

297.8

10.4

10.4

10.4

13.3

12.0

3.1

1.3

1.4

1.4

7.4

8.3

Max O'c (MPa)
Factor of Safety

Table 6.4 Sliding support contact stresses.
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A finite element analysis of the sliding support with a chrome cobalt-chrome cobalt
material combination was completed in Ansys. Figure 6.22 shows the resulting contact
stress contour plot for this study. The peak contact stress found was 320 MPa which is
7 percent higher than the value found analytically using Equation 2. Despite this small
difference in the peak contact stress values, the chrome cobalt sliding support
components can still be deemed capable of supporting the applied loads with a high
degree of confidence.
ANS,{S 8.0A01
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Figure 6.22 FEA conlael slress plolfor chrome coball-chrome coball sliding supporl.
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Rolling Support
The dimensions of the rolling support components were determined by choosing values
which minimised the contact stress and lift. However, as previously noted these terms
are inversely related, that is, dimensions which result in low contact stresses cause
significant lift as the implant is deflected, and vice versa. In Section 6.2.2.2 the contact
point radius (R

Contact)

was found to have the greatest influence on both the peak stress

and lift. A mid-range R Contact value of 3.75 mm was therefore selected, which will
result in a low contact stress and moderate amount of lift. The socket radius has little
effect on the contact stress and lift as shown in Figures 6.20 and 6.21, except at low
values when a discontinuity causes the amount of lift to increase significantly. The
socket radius was therefore set to be 35 mm and using Equation 4 the roller radius was
determined to be 15.1 mm. This combination of dimensions results in a system which
produces 0.26 mm oflift during 8° deflections, which was considered to be acceptable.

The contact stresses for the rolling support were determined analytically using Equation
2 and an applied load of 600 N. Table 6.5 below shows the resulting contact stresses for
several material combinations. From these results it can be seen that only the RadelRadel material combinations are capable of supporting a 600 N load.

Material Combinations
Socket
Material

Chrome
Cobalt UHMWPE UHMWPE UHMWPE

Radel
R4400

Radel
R5500

Support
Material

Chrome
Cobalt

Chrome
Cobalt

Ti Grade 4

Ti-6AI-4V

Radel
R4400

Radel
R5500

C

0.008

1.160

1.164

1.164

0.798

0.938

Max O"c (MPa)

1425.8

49.7

49.6

49.6

63.8

57.3

0.7

0.3

0.3

0.3

1.5

1. 7

........ ,.,E.................................................... ,.................................................................................................................. , ........................... " ................................................................................
.......................................................................... " ........................................................................................................................................................,.......................................................... .

Factor of Safety

Table 6.5 Rolling support contact stresses.

Finite element analyses were conducted for two of the rolling support material
combinations.
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For companson purposes a chrome cobalt-chrome cobalt material combination was
analysed first. As shown in Figure 6.23 the peak contact stress found in this study was
1440 MPa which is approximately 1 percent higher than the value determined
analytically using Equation 2, showing a good correlation between the studies. This
also highlights the difference in peak contact stress between the sliding (320 MPa) and
rolling (1440 MPa) support systems. The large contact stresses found for the rolling
supports suggests an increased potential for wear debris production. Therefore although
the rolling support reduces the volume of wear debris produced by eliminating sliding
this will be offset by the high contact stresses at the interface of the two components.
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Figure 6.23 FEA contact stress plotfor chrome cobalt-chrome cobalt rolling support.
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A finite element analysis of the Radel R5500-Radel R5500 material combination was
also conducted in Ansys. From Figure 6.24 it can be seen the peak contact pressure
found in was 72 MPa which is 26 percent higher than the value found analytically. This
different was attributed to some localised plastic deformation occurring in the finite
element analysis. This may also account for the fluctuations in the stress profile shown
in Figure 6.24.

It is not envisaged that such plastic deformation would affect the

performance of the Radel R5500-Radel R5500 rolling support as it would manifest
itself as bedding-in of the contact faces. Such bedding-in is a common occurrence in
hip implants 15 ,29,33.

Therefore the Radel R5500-Radel R5500 material combination

remains a viable option for the rolling internal support components.
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Figure 6.24 FEA contact stressplotfor Radel R5500-Radel R5500 rolling support.
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6.2.2.5

Surface Roughness

The surface roughness of the internal support components also needs to be considered.

Surface roughness affects the friction coefficient between two parts. More importantly,
in the case of the internal support components, the roughness also determines how the
surfaces will wear and how well they will support the applied loads.

Surface roughness is normally quantified by a roughness average (RA)' The roughness
average is determined by summing of the absolute values of all the areas above and
below the nominal surface divided by the length sampled, as shown in Figure 6.25 and
Equation 6.
y

Vertical Deviation
/ ; ; Actual Surface

II

~O~inal SUrrace

~~~~~~~~~~~~~~rnF~~~~X

Figure 6.25 Average surface roughness.

R

=JL0

M

A

Mdx
L

(Eq.6)

M

Where: RA

=

Roughness average.

y

=

Vertical deviation of the actual surface from the nominal surface.

LM

=

Length over which the surface deviations are measured.

If the internal support surfaces have large RA values, i.e. rough surfaces, there is greater
potential for wear debris to be generated. This occurs because the components only
contact each other at a few isolated points. As the internal support components move
relative to each other the protrusions in contact are subjected to high shear loads. Some
of these protrusions may then break away from the parent material producing wear
particles, as shown in Figure 6.26.
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Few Contact Points

Large Wear Particles

II

II

(a)

(b)

Figure 6.26 Wear resulting from rough surface.
(a) Rough surfaces only contact and transfer loads though afew points.
(b) As the surfaces move relative to each other some of the highly loaded protrusions may break away
forming wear debris.
Note: The surface roughness and wear particle size are exaggerated for illustration purposes.

Conversely for components with a high surface finish, low R A , the two components
contact at a greater number of points. Thus the shear loads in these protrusions are
lower and there is less chance of them breaking away. Smooth surfaces therefore tend
to produce less wear debris and the wear particles generated are smaller in SIze, as
indicated in Figure 6.27.
Smaller Wear Particle

II

II

(a)

(b)

Figure 6.27 Wear resulting from smooth surface.
(a) Smooth surfaces contact and transfer loads though a greater number of points.
(b) As a result of the reduced load there is less potential for protrusions to break free of the parent
surface. Any wear debris that is formed also tends to be smaller in size.
Note: The surface roughness and wear particle size are exaggerated for illustration purposes.
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The hardness of the components also affects amount of wear debris generated by
contact pairs.

For example, if hard and soft materials are utilised together the

protrusions on the surface of the harder component will tend to penetrate the softer
material when compressive loads are applied.

This may in turn result in the softer

material being cut by the hard protrusions or the formation of features which are prone
to fracturing, as illustrated in Figure 6.28.
Applied Load

. . . .

Plastic Deformation

Soft
(a)

(b)

Figure 6.28 Contact couple oj differing hardness.
(a) System comprising of a hard and soft contact couple prior to loading.
(b) Once loaded the hard component may plastically deform the soft component, creating wear debris or
features which are prone to separating from the parent material.
Note: The surface roughness and wear particle size are exaggerated for illustration purposes.

Therefore the spherical surfaces of the internal support components should have a high
surface finish (low R A ) to help ensure minimal wear debris is produced. Hip implants
typically have a surface roughness (R A ) of 0.01 {-tm I9 .

A similar surface roughness

value should be suitable for the bellows intervertebral disc implant support components.
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6.2.2.6

Selection of an Internal Support

Both the sliding and rolling internal support could be viable for use in the bellows
intervertebral disc implant.

The sliding support offers the advantage of having significantly lower contact stresses at
the interface of the two support components. The main disadvantage of this system is
that the relative motion between the two components may result in the production of
wear debris. The volume of wear debris produced may be minimised though with
appropriate material selection.

The rolling support offers the advantage of potentially producing less wear debris than
the sliding support. However the contact stresses are higher than the sliding support and

it also decompresses the implant as it is deflected. Both of these factors may reduce the
viability of the rolling internal support.
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To aid in the final selection and design of the internal support mechanism several
studies need to be conducted, these should include the following:
Testing to determine the ideal material combination, including factors such as
ensuring compressive failure of the material does not occur and quantification of
the volume of wear debris produced.
Testing to quantify the volume of wear debris produced by the different support
systems
Testing to determine the effects of wear products on the life of the bellows,
including whether the wear products do act as fulcrum points and increase the
stress at the bellows diaphragm welds.
Analysis of implants with rolling supports to ensure that the decompression of
the implant as it deflects does not adversely affect the life or performance of the
metallic bellows.
Analysis of both support systems to determine their performance when separated
repeatedly to simulate complete loading and unloading of the implant.
Testing of both support systems to confirm they can support the applied loads
while the implant is in a deflected state. Also checking to ensure the implant
remains stable and there is no tendency for the support components to slip or
disarticulate.
Investigation to determine whether the 0.5 mm gap between the support
components when the implant in an unloaded condition, is appropriate.
To aid such testing three test rigs were developed. The details of these test rigs can be
found in Chapter 7.

In summary, it is not possible at this time to finalise the design of the internal support
for the bellows intervertebral disc implant until testing has been completed. However
investigation of the internal support components to date suggests either of the proposed
support systems could be viable.

Note: For the remainder of this document the bellows intervertebral disc implant is
shown with a roller support, however that this is for illustration purposes only.
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6.2.3

Fill Medium Selection

The bellows intervertebral disc implant requires a two part fill medium which includes
compressible and incompressible components. The selection of these components is
detailed below.

6.2.3.1

Incompressible Component

The majority ofthe fill medium is required to be incompressible.

The first incompressible fill mediums considered were fluids such as distilled water and
silicone. A potential advantage of using a fluid fill medium is that it could be 'injected'
into the implant after it has been inserted. This would allow the bellows to be inserted
in a compressed fonn and 'inflated' once correctly position. However, the success and
long tenn operation of the bellows intervertebral disc implant would then rely on
systems being developed which would allow the surgeon to correctly fill and seal the
bellows.

The disadvantage of fluid fill mediums is that if the metallic bellows are

damaged and leak, the fluid will be ejected into the intervertebral disc space.

Semi-rigid fill mediums such as aerated silicone and closed cell foams were also
considered.

These materials offer the advantage of not leaking and allowing limited

operation of the implant should the metallic bellows fail. These materials could also
include voids or be aerated to include the compressible component of the fill medium.
The disadvantage of semi-rigid fill mediums is that they can not occupy space between
the diaphragms as this would prevent deflection of the implant.

Therefore semi-rigid

fill mediums would only be able to fill the space between the internal support and inner
bellows welds. As a result only a thin walled tube of semi-rigid material could be used,
which may have insufficient rigidity to support the applied loads.

Ultimately the decision was made to use a fluid fill medium due to the simplicity of
these materials and their ability to confonn to the bellows convolutions. Distilled water
was dismissed from the selection process as it may cause corrosion of the metallic
bellows or become rancid over the life of the implant. The final incompressible fill
medium selected was a product called Silbione.
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Silbione is produced by Rhodia and is also referred to as Rhodia MDM Fluid. This
material was designed as a substitute for Dow Coming Medical Grade 360 Fluid.
Silbione is pure, clear, colourless polydimethylsiloxane and is available in standard
viscosities of 20, 100, 350, 1000 and 12500 cps. All of Rhodia's medical implant
products, including Silbione, are designed and tested to meet many of the ISO 10993
biocompatibility test requirements for long term implantable materials.

Silbione has also been used for application such as lubricating the barrels of plastic
syringes to insure smooth operation of the plunger. It can be used to lubricate rubber or
plastic tubes and metal instruments that are inserted into the body. Silbione is also used
as a lubricant for artificial limbs and eye sockets. This wide spread and successful
usage of Silbione in medical applications provides some confidence in its selection as
the fill medium for the bellows intervertebral disc implant. Some of Silbione's other
properties include:

High purity
Chemically inert
High water repellent
Low volatility
Low surface tension
Resistance to decomposition by heat and oxidation
Effective defoamer for many fluids

For the purposes of this implant a 20 cps Silbione was selected. The low viscosity of
this fluid will allow it to be easily displaced from between the diaphragms during
angular deflections, helping to prevent hydraulic damage of the bellows welds from
occurring. A technical data sheet for this material can be found in Appendix 8.

164

6.2.3.2

Compressible Component

As previously described the fill medium must include a compressible component so the
implant can match the load deflection curve of the annulus fibrosus. The simplest and
most effective mechanism of achieving this is to add a fixed volume of gas (Nitrogen or
air) to the implant.

As the gas volume can not be totally compressed a small height of gas must remain
once the implant has been compressed 0.5 mm. This remaining gas height (L2) can be
detennined as shown in Equation 7.
~A1Ll

:::: P2 A2 L2

(Eq.7)

101(0.5 + x):::: 690x
x= 0.0857mm
Where:
PI = 101 kPa

(Atmospheric pressure)

P2 = 690 kPa

(Maximum pressure welded bellows can withstand)

Al ::::A2

(Effective area of welded bellows)

Ll =0.5 +x

(Length of un compressed bellows and gas height)

L2=X

(Gas height)

In an uncompressed state, the bellows intervertebral disc implant will therefore require a
compressible gas height of 0.585 mm giving a total gas volume of 134.7 mm 3•

The gas component could be enclosed in a flexible bladder separating it from the
Silbione fluid or alternatively the bellows could only be partially filled with Silbione.
However as the internal support also needs to be accommodated it was decided that
only partially filling the bellows was the easiest and most effective option.
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6..2.4

Endplates

The endplates are the interface between the metallic bellows and the vertebral bodies
and must perform several functions including:

Provide a leak free, resilient attachment to the bellows diaphragms.
Induce no addition stresses in the bellows.
Provide short and long term fixation to the vertebral bodies.
Allow the disc wedge angle to be replicated.
Allow installation of internal components as required.
Locate and transfer loads to and from the internal support components.
Provide features to aid insertion and retraction.

The design of the endplates is detailed below.

6..2.4.1

Attachment of Endplates to Bellows

A well designed endplate should mimic the configuration of the stamped diaphragms.
The endplates must be designed so that they do not interfere with the free movement or
contours of the diaphragms 6• The endplates should also contact the diaphragm flats in
such a way that if the bellows are compressed to their solid height the diaphragms are
not damaged.

Two potential methods of attaching the endplates to the metallic bellows were identified
these were the use of an adhesive or welding.

Adhesives offer the advantage of allowing the endplates to be attached to the bellows
after the bellows have been manufactured and. all the internal components have been
installed, Also the use of adhesives does not require the use of specialist equipment and
allows final assembly to occur in a sterile environment if necessruy.

The key

disadvantage of adhesives is that they introduce another material and process into the
implant assembly which must be proven to be biocompatible and capable of lasting the
full life ofthe implant.

166
To achieve a good bellows-endplate bond using an adhesive there should ideally be a
large contact patch between to the two components.

During correspondence with

Flexial it was established that it is possible to remove the internal diameter diaphragm
punch during the manufacture of some diaphragmsl2. This allows capping diaphragms
to be produced and welded to the ends of the bellows thus providing a large contact area
for the endplates to be glued to.

The other option considered was to weld the endplates directly to the bellows
diaphragms using the same equipment and techniques used to manufacture the bellows.
Welding the endplates in place offers the advantage of not introducing a new processes
or materials to the manufacture of the implant. The resulting joint will also have similar
performance to the rest of the bellows. Welding the endplates in place does require
internal components, such as the internal supports, to be fitted prior to the last endplate
being welded in position, however this should not be an issue. To achieve a high
quality weld between the endplates and bellows diaphragms, care must be taken to
correctly prepare the endplates. Figure 6.29 shows a weld preparation suggested by
Flexial Corporation.
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Welding the endplates to the bellows was selected as the preferred method of
attachment. The main reasons for this decision were that the welding process was
already included in the manufacture of the implant and welding will produce a strong
bond which is directly comparable to the rest of the diaphragm joints.

The welding process used to produce bellows is autogenous, that is the edges of the
diaphragms melt together and fuse without the addition of filler material. Utilising the
same material for the bellows diaphragms and endplates will help to simplify the
welding processes and reduce the risk of different material compositions playing a part
in the weld's performance.

The decision was therefore made to manufacture the

endplates from Grade 4 Commercially Pure Titanium.

To facilitate adding the internal support components after the endplates have been
welded in position the use of a large removable endplate plug was considered. This
endplate plug could also be used to adjust the size of the gap between the internal
support components as required. However, this idea was dismissed due to a lack of
space for the required features.
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6.2.4.2

Fixation to Vertebral Bodies

When considering fixation of the implant to the adjacent vertebral bodies several factors
must be considered including:

The profile of the endplates
Distribution of loads
Short and long term fixation
Use at contiguous levels

The vertebral endplates are not flat and have a profile which varies from patient to
patient. To ensure suitable contact between the vertebral and implant endplates the
profile of implant's endplates could be tailored to suit each individual patient. However
a more practical approach is to reshape the vertebral endplates during the implantation
procedure to suit a standard implant endplate profile. The decision was made to use flat
implant endplates.

A matching flat vertebral endplate contact surface can then be

created using standard orthopaedic techniques and instrumentation.

As detailed in Section 4.1.6 the intervertebral disc implant should exert the majority of
the forces on the periphery of the vertebral bodies~ The central portions of the vertebral
endplates must also be loaded to some extent to prevent resorption of the underlying
trabecular bone. Reshaping of the vertebral endplates to match the implant's endplates
also allows such a load distribution to be achieved.

As the vertebral endplates and underlying trabecular are relatively soft, any high spots
on the vertebral endplates will be compressed when load is applied to the implantvertebral body interfaces. As the implant endplates are relatively stiff this will result in
the majority of the loads being applied at the periphery of the implant's endplates and
thus the periphery of the vertebral bodies.
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A small percentage of the load will also continue to be transferred through the high
spots on the surface of the vertebral endplate, which were compressed during the initial
loading of the implant-vertebral body interface. As a result the underlying trabecular
bone will continue to be loaded, helping to prevent resorption from occurring. The
trabecular bone could be loaded further by adding small protrusions, such as small blunt
spikes or bumps to the implant endplates, however the effectiveness of, and need for
such features needs to be investigated further.

As described in Section 4.1.8 short and long term fixation of the implant to the vertebral
bodies requires different mechanisms.

Screws provide good short term fixation, however they are not suitable for use over
long periods, or in situations where they are highly loaded. Press fit fixation methods,
such as spikes, pegs and fins, provide good initial fixation and a positive means of
locating the implant, but they do not perform well under tensile loads.

The best method of providing long term fixation is to utilise bone in-growth into porous
surfaces.

This fixation method provides a high strength bond which continues to

remodel itself over the life of the implant. For bone in-growth to establish there must be
little to no relative movement between the implant and surrounding bone for at least 6
weeks. Bone in-growth does not therefore provide good short term fixation. Bone will
adhere to machined titanium surfaces, however porous surfaces are normally utilised as
they provide a network of holes and under-cut surfaces for bone to grow through and
key into, allowing a high strength bond to be created.
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For the bellows intervertebral disc implant the chosen fixation system was a
combination of fins and porous in-growth surfaces. Fins also offer the advantage of
providing an increased surface area for bone in-growth to occur over, thus increasing
the strength of the implant-bone interface. The fin design used is similar to that used in
the ProDisc implant previously detailed in Section 4.2.1.2. However, the disadvantage
of the ProDisc fins is that they are aligned thus there is potential for the vertebral body
to split if ProDisc implants are used at contiguous levels. The solution as suggested in
Section 4.1.6 was to use offset fins.

Figure 6.30 shows rendered images of the bellows intervertebral disc top and bottom
end plate fins and porous in-growth surfaces. It should be noted that in this figure and
any proceeding figures which show the endplates, the fixation fins are shown orientated
for an anterior insertion, however the fixation fins could be orientated for a lateral
approach.

(b)

( a)

Figure 6.30 Rendered of implant endplates showingfrxationfeatures.
(a) Top endplate with two fins and a central filling port.
(b) Bottom endplate with only one fin.
The fins and end suifaces are shown with a porous coating for bone in-growth to key into. Other
endplate features are shown in an as-machined condition.

To prevent damage to bone growing into the porous surfaces during the months
following implantation, the patient could be advised to only perform light duties and
deflections.
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6.2.4.3

Replication of the Intervertebral Disc Wedge Angle

As detailed in Section 4.1.6 the intervertebral implant should be capable of confonning
to, or have endplates which match, the intervertebral disc wedge angle.

Using flat endplates and having the implant confonn to the intervertebral disc wedge
angle is not viable for the bellows intervertebral disc implant. Such an approach would
require the metallic bellows to be able to deflect in excess of 8°. A more viable option
is to produce an implant with non-parallel endplate surfaces as shown in Figure 6.30.
Using this approach a range of implants could be manufactured with different
intervertebral disc wedge angles to suit different spinal levels and patients.

6.2.4.4

Provision for Filling Bellows

Consideration must be given for adding the fluid fill medium to the implant assembly.

It is not practical to add the fill medium to the implant assembly prior to welding the

last endplate in place as this may cause deterioration of the fluid fill medium and any
cooling effects the fluid provides may adversely affect the weld(s). Therefore the fluid
fill medium must be added through a port in the implant assembly once all the welding
processes have been completed.

As the metallic bellows are very thin and highly stressed it is not possible to add a port
to one of the bellows diaphragms. Instead the fill medium must be introduced through a
port in one of the endplates. Two potential endplate port designs were identified.
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The most feasible and chosen solution is to add a recessed port to the flat face of one
endplate.

A pre-measured volume of fluid can then be added via this port and the

implant sealed by the addition of a threaded plug and o-ring. An exploded view of this
system is shown in Figure 6.31.

a

Fill Cap
"---- O-Ring

Figure 6.31 Exploded view showing the preferred endplatejill port arrangement.
The endplate is shown partially sectioned to show the fill pan (red).

Adding fluid fiIl medium through a port in the outer cylindrical face of the endplate was
also considered. This could be achieved by driIling a hole parallel to the top face of the
endplate and then cross drilling, as shown in Figure 6.32. Ultimately this method was
rejected though, as there is insufficient space for the required features.

Figure 6.32 Alternative endplate jill port.
The endplate is shown partially sectioned to show the fill pan (red) which consists of two cross drilled
holes.
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6.2.4.5

Internal Support Location and Support

The internal support components must be located centrally in the intervertebral disc
implant and remain fixed in position for the duration of the implant's life. Any polymer
support components should also be supported around their periphery to help prevent
them deforming as a result of cold flow.

The simplest and most efficient way of providing these features is to add a socket to
each of the implant's endplates. A light transition fit between the support components
and endplate sockets will help ensure the support components remained fixed in place
for the life of the implant.

Figure 6.33 shows an endplate socket with and without a polymer support component in
place.
Polymer Suppo
Component

(a)

(b)

Figure 6.33 Endplate socket.
(a) BOl/om endplate and socket for a support component.
(b) BOl/om endplate with a polymer support component in place.
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6.2.5

Motion Restriction

In order to ensure the metallic bellows are not damaged by being over deflected, motion
restricting devices must be provided. Three potential methods of achieving this were
identified; the use of the annulus fibrosus, bump stops and tethers.

In a healthy intervertebral disc the zygapophysial joints and the annulus fibrosus restrict
the lumbar spine's deflection range. If the majority of the annulus fibrosus is retained
as previously described then these natural deflection limiting mechanisms will also be
retained and can be utilised. However, in some cases these natural motion restricting
mechanisms allow deflections greater than 8 0 to occur, as detailed in Section 4.1.2.
Therefore additional motion restricting devices must be provided to prevent the implant
being damaged.

The simplest method of restricting the implant's range of motion is to add bump stops to
the implant's endplates. However, this may not be effective. Figure 6.34(a) shows an
un-deflected implant with bump stops. Initially the implant deflects angularly around
the centre of the bellows until the bump stops contact as shown in Figure 6.34(b). If the
implant is forced then to undergo further angular deflection the centre of rotation shifts
to the point where the bump stops have contacted, and deflection can then continue to
occur, as indicated in Figure 6.34(c). Therefore bump stops alone are not able to limit
the deflection range of the intervertebral disc implant.
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Bump Stops
Contact

Gas

(a)

~

(b)

Bellows

Secondary Centre
of Rotation

(c)

Figure 6.34 Schematic diagrams a/bump stops.
(a) Un-deflected implant.
(b) Implant deflected 8° until bump stop contacts.
(c) Implant over deflected, rotation occurs around bump stop stretching opposing side of bellows.
Note: For clarity simplified bellows and bump stops are shown and the internal support is hidden.

Another method of restricting the deflection range of the implant is to use tethers.
Tethers are flexible fixed length linkages which prevent further deflection of the implant
when taut. Effectively tethers act as a secondary annulus fibrosus, the length of which
can be set when the implant is manufactured.
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Figure 6.35(a) shows an un-deflected implant with tethers and the internal support. As
the implant is deflected the tethers on one side are placed in tension while the opposing
tethers are placed in compression. When the tether in tension becomes taut it prevents
further extension of the bellows. Further compression of the bellows on the opposing
side is prevented by the internal support components contacting, as illustrated in
Figure 6.35(b).
~ Support

- Tether

J

Support

Tether

Contact

Taut

~DMEriJ (§€ H ~
- Bellows
(a)

(b)

Figure 6.35 Schematic diagrams

0/ externally tethered implant.

(a) Un-deflected implant.
(b) Deflection of the implant places tether in tension preventing further deflection of the implant.
Note: For clarity simplified bellows and internal support are shown.

The tethers could be positioned on the exterior of the implant as illustrated in
Figure 6.35(a) or alternatively they could be positioned on the interior of the implant
between the internal support and internal wall of the bellows as illustrated in
Figure 6.36. However, as there is only a small space between the internal support and
inner wall of the bellows, exterior tethers were considered to be more practical.
MOM Fluid

Support

Bellows
Figure 6.36 Schematic diagram o/internally tethered implant.
Note: The implant is shown in a deflected state with simplified bellows and internal support components
for clarity.
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The disadvantage of restricting the implant's deflection range with tethers is that there is
potential for the implant to separate from the vertebral bodies. This will occur when the
patient reaches the implant's extreme range of motion and then continues to exert a
bending force on the implant. Unable to deflect any further the implant endplates will
try to separate from the vertebral body endplates. This may result in the implant's

endplates or vertebral bodies being damaged. This would be particularly significant in
the first six months following implantation when osteo-integration of the bone into the
implant endplates is occurring.

One way of overcoming this problem would be to attach tethers to the vertebral bodies.
However to attach sufficient tethers the entire periphery of both vertebral bodies would
need to be accessed, a procedure which would be very invasive. This would also rely
on the surgeon correctly fitting the tethers. Attaching tethers directly to the vertebral
bodies was therefore mot considered to be a viable solution.

The final solution selected was utilisation of both the annulus fibrosus and exterior
tethers. Provided the majority of the annulus fibrosus is preserved, the combination of
these two mechanisms should be sufficient to control the range of motion at the affected
spinallevel(s).

The external tethers added to implant could consist of a continuous ring of material or
be discrete bands which are arranged to coincide with the major axes of deflection.
Either of these options would be workable, however a continuous ring of material
would allow the tether material to also be used as a protective outer sheath, as detailed
in Section 6.2.6.
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6.2.6

Protective Outer Sheath

Welded bellows can be damaged by the ingress of debris into the gaps between the
convolutions as detailed in Section 6.2.1.2. To prevent such damage from occurring, a
flexible protective sheath needs be fitted to the exterior of the implant. The Bryan
Cervical Disc described in Section 4.2.1.3 also utilises a sheath to prevent the ingress of
biological material and to stop the egress of wear debris and lubricant.

As suggested in the previous section, the sheath material could also be utilised as a
tether to prevent over deflection of the implant. This has the advantage of reducing the
number of implant components required. To allow the sheath to also act as a tether, it
would have to be constructed from a material which does not stretch, is flexible and
prevents the in-growth of biological material.

Several textiles have been used extensively for in-vivo applications including woven
polytetrafluoroethylene (Teflon), polypropylene and polyester. These materials have
been used for artificial tendons, ligaments and vascular grafts. To prevent biological ingrowth these textiles are normally covered with a silicone membrane, with the
exception of materials used for vascular grafts where in-growth is encouraged26 • These
materials are also produced in woven forms which allow little or no stretch.

The combination tether-sheath could therefore be constructed from any of these
materials provided they have sufficient strength and the outer surface is covered by a
silicone membrane to prevent in-growth occurring.
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The tether-sheath must be finnly anchored to the implant's endplates. Any slipping of
the tether will result in it lengthening and no longer correctly limiting the implant's
range of motion. Anchoring of the tether-sheath could most easily be achieved by using
a clamping ring as illustrated in Figure 6.37. This clamping ring could take several
forms such as a preformed circlip style spring or alternatively a crimped ring could be
used.
Adhesive Endplate

Tether Ring
- Clamping Ring

Bellows
Figure 6.37 Tether retaining components.
Note: Simplified bellows are shown for clarity.

The clamping arrangement shown in Figure 6.37 features a 'tether ring' which the
tether-sheath is fastened to.

Ideally this tether ring should be incorporated into the

implant's endplate, although there must also be sufficient room to access the bellowsendplate weld(s) during the manufacturing process.

The diameter of the tether ring

should also be reduced where possible. These refinements of the tether ring were not
completed as part of this project.

Instead the tether ring is located on the implant

endplate by a spigot and held in place by a medical grade adhesive.

Two medical grade adhesives for retaining the tether ring were identified. Both of these
products are produced by NuSil and are called Med-1511 and Med 1-4213.

Both

adhesives cure at room temperature and their adhesion to titanium is enhanced with the
use of a primer25 . The two systems differ in the way they cure. Med-1511 cures in the
presence of atmospheric moisture hence the relative humidity of the assembly
environment will influence the rate of cure. Med 1-4213 is a two-part product which
cures within 24 hours of mixing. Data sheets for both adhesives and primers can be
found in Appendix 8.
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6.2.7

Surface Treatment

Care must be taken to ensure that the surface condition of the finished implant is
suitable for implantation. To achieve this ASTM F86-0l 3 recommends the following
conditions be met:

The surface must be free of imbedded or deposited finishing materials or other
foreign contaminants.
Surfaces should be free of imperfections, such as tooling marks, nicks, scratches,
cracks, cavities, burrs and other defects that impair the serviceability of the
device.
All traces of oils, greases, paints or other loose surface contaminants should be
removed.
Any passive oxide films should be restored to provide maximum corrosion

resistance.
For implants made of titanium ASTM B600-9l 1 suggests several treatment options to
ensure the implant is clean, free of scale and that the passive oxide film is optimised.
The treatment options in this standard include the use of propriety solutions or molten
salt baths. As the intervertebral disc implant has- many small features, particularly the
metallic bellows which may distort when heated, treatment in molten salt baths is not
desirable.
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The intervertebral implant should therefore be treated in the following manner
following completion of all the manufacturing processes.

Remove lubricants oils grease using alkaline or emulsion soak-type cleaners and
electrolytic alkaline cleaning systems.
Remove any coarse scale using sand, shot or vapour blasting, if possible or
required.
Treat using propriety caustic-based solutions to remove any scale, lubricant
residues, embedded iron, interstitial carbon, oxygen and nitrogen.
Immerse in sulphuric acid solution to remove any converted scale product, as
required by the previously used propriety caustic-based solution.
Final brightening of the implant can be achieved by brief cycle
hydrofluoric solution.
Rinse well.
Visually inspect for any surface contamination.

In

nitric-
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6.2.8

Surface Marking

Permanent marking of the implant is a small but important issue. ASTM F983-862
recommends that all implants should be able to be positively identified through the use
of permanent markings. Where there is sufficient space, markings should include the
following information:
Manufacturer
Material
Catalogue or model number
Serial or lot number
If space is available additional information can be included such as implant size or the
orientation in which the implant is intended to be used.

Permanent marking of medical implants can be achieved in several ways including, but
not limited to, the use of mechanical imprinting, chemical etching, traditional
mechanical engraving or lasers. ASTM F86-01 3 states that whatever marking process is
used it should not impair the mechanical or corrosion properties of the implant, nor
should the markings cause an adverse tissue response. The location of any markings
should also be recorded on the manufacturing drawings for the implant.
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In the case of the bellows intervertebral disc implant the ideal location for markings is
on the machined outer face of either endplate, as shown in Figure 6.38.

Figure 6.38 Example of laser engraving on the outer face of the top endplate.
The engraving is shown positioned either side of the insertion/retraction tooling hole.

The serial or lot number should be cross referenced to the raw material certificates and
the job and inspection sheets for each manufacturing task.

Such records allow the

implant's perfonnance to be related back to the raw components and processes as
required.
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6.2.9

Insertion/Extraction Tooling

Instrumentation needs to be developed to aid in the insertion and retraction of the
implant.

However, the primary focus of this project was the development of the

intervertebral disc implant and as such the design of insertion and retraction
instrumentation was not considered in depth during this proj ect. However one potential
insertion procedure is described below.

Removal of the nucleus pulposus can be achieved using standard instrumentation
already developed and used for spinal fusion procedures. However, more effective tools
may need to be developed.

Markolf et al 21 noted during their studies of the

intervertebral discs that, despite having easier access to the nucleus pulposus than can
nonnally be accomplished surgically, a surprisingly large percentage of the nucleus
pulposus (approximately 50%) remained even after their most thorough discectomy
procedure.

Flat vertebral endplate surfaces must be created so the intervertebral disc implant
distributes loads appropriately, as detailed in Section 6.2.4.2. This can be achieved
using standard orthopaedic tools such as chisels and scraping devices.

The most complex tooling required will be that used to pre-cut slots for the fixation fins
the correct distances apart and in the correct orientation between the vertebral bodies.
This could be achieved using a reciprocating saw and guide block. However, provision
should be made for locking the guide block in position for the duration of all the saw
cuts.

Finally an insertion tool is required to impact the implant into position. While the
bellows intervertebral disc implant is being inserted the implant's endplates should be
fixed relative to each other to prevent any deflection of the implant.

Fixing the

endplates relative to each other will also prevent the bellows being damaged.

For

example if one endplate were to advance into the intervertebral disc space ahead of the
other, the bellows would be placed in shear. The insertion tool should also be anchored
to the implant to reduce the risk of the surgeon slipping and impacting the bellows
rather than the endplates.
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Accordingly threaded instrumentation holes could be added to the implant endplates as
can be seen in Figure 6.38.

By screwing the insertion tool into these holes, the

endplates are constrained and the position of the instrumentation relative to the bellows
can also be controlled.

Figure 6.39 shows an example of an insertion tool suitable for impacting the implant
into position. It should be noted that the threaded instrumentation holes and insertion
tool are shown orientated for an anterior insertion. This is because for the endplate
design shown the instrumentation holes are best accommodated by the anterior aspect of
the endplate.

However, the insertion features and thus the insertion tool could be

orientated for a lateral approach.

Figure 6.39 Suggested intervertebral disc implant insertion tooling.

Instrumentation is also required to remove the intervertebral disc implant should the
implant need to be revised or a traditional fusion carried out. However, as previously
stated the development of such instrumentation was not considered during the course of
this project.
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6.3 Assembled Implant Renders and Drawings
Figure 6.40 below shows a rendered, partially sectioned isometric view of the bellows
intervertebral disc implant in an uncompressed state. For clarity the fluid fill medium is
not shown.

Figure 6.40 Rendered partial isometric of bellows intervertebral disc.
Note: the fluid fill medium is not shown for clarity.
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Figure 6.41 shows a general assembly drawing of the bellows intervertebral disc
implant.
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Figure 6.41 General assembly of bellows intervertebral disc implant.
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Figure 6.42 shows a sectioned view and bill of materials for the bellows intervertebral
disc implant. As previously discussed in Section 6.2.6 and as can be seen in Figures
6.41 and 6.42 the tether and clamping rings require further refinement to reduce the
overall diameter ofthe implant. However, such refinement was not completed as part of
this project.
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Figure 6.42 Sectioned view a/bellows intervertebral disc implant.
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6.4 Advantages and Disadvantages of Bellows Intervertebral
Disc Implant
The bellows intervertebral disc implant has several advantageous features when
compared to existing devices, as detailed below.

The bellows intervertebral disc implant closely replicates the arrangement of a healthy
intervertebral disc, consisting of a flexible pressure vessel which contains an
incompressible fluid.

The bellows intervertebral disc implant also incorporates

additional load carrying and overload protection features. The implant assembly is able
to withstand compressive loads and angular deflections while having a low angular
stiffuess.

The bellows intervertebral disc implant is designed to be inserted using a lateral
approach thus minimising the trauma to musculature and nerves surrounding the
patient's spine. This approach also allows the majority of the annulus fibrosus to be
preserved. Preservation of the anterior portion of the annulus fibrosus is particularly
relevant as this portion of the annulus fibrosus is able to support a high percentage of
the applied compression loads. The annulus fibrosus also helps to prevent anterior
displacement of the vertebral bodies, helping to ensure normal loading of the
zygapophysial joints.

The bellows intervertebral disc implant has a low angular stiffuess. The combination of
this low stiffuess and preserving the majority of the annulus fibrosus will allow the
affected spinal level to have an angular stiffuess which is similar to that of a healthy
intervertebral disc. This will help to ensure the stability of the spine is preserved and
that additional exertion is not required for the patient to bend.

The bellows intervertebral disc implant does not produce any wear debris, helping to
prevent the onset of osteolysis. Any wear particles produced by the internal support
components will remain encapsulated by the bellows. The bellows intervertebral disc
implant is also able to perform 100 million deflections giving the implant a serviceable
life of approximately 40 years in-vivo.
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In a healthy spine the intervertebral discs retard the transmission of shock loads by
utilising the elastic properties of the annulus fibrosus. The welded bellows are not able
to stretch elastically and thus cannot retard shock loads to the same degree as a healthy
intervertebral disc. However some shock retardation may occur through compression of
the gaseous component of the fill medium, although this can only occur if the internal
support components are not already in contact. However, with the exception of the
Prosthetic Disc Nucleus, none of the other artificial intervertebral discs detailed in
Section 4.2 are able to absorb shock loads either.

The main disadvantage of the bellows intervertebral disc implant is that it is complex
with multiple load carrying mechanisms, including the annulus fibrosus, the fluid filled
bellows and the internal support.

However the use of multiple load carrying

mechanisms means there is less chance of the bellows intervertebral disc implant failing
catastrophically.

The main factor contributing to the complexity of the design is that the welded bellows
on their own do not have sufficient pressure capacity to support all the applied loads.
This requires the use of the annulus fibrosus and internal support to carry a percentage
of the loads. If welded bellows with a higher pressure capability can be developed this
may remove the reliance on the annulus fibrosus.

Another factor which strongly influenced the design of the intervertebral disc implant
was the specification requirement that the implant was to produce no wear debris. If
this restriction were removed a less complex system may have been developed. The
Link SB Charit6 disc and ProDisc implant are examples of intervertebral disc implant

which produce wear debris and have relatively simple components. However, the role
of wear debris in the spine is a contentious issue. This issue will be resolved only after
a large number of wear debris producing artificial discs have been in service for an
extended period of time. If debris problems do arise there will be a need for an artificial
disc which does not produce wear debris, such as the bellows intervertebral disc
implant.
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The bellows intervertebral disc implant requires a protective sheath to prevent the
ingress of debris into the bellows convolutions to ensure the bellows internal diameter
welds are not damaged. A sheath could also be incorporated into existing implants that
produce wear debris, such as the Charite or ProDisc implants. By using a sheath, any
wear debris that was produced could be contained, nullifying the issue of wear debris
generation and osteolysis.

However, this would complicate insertion of the

polyethylene cores into the Charite and ProDisc implants and thus would require a
significant redesign of these implants.

Therefore, in spite of its limitations the bellows intervertebral disc implant still has
significant merits that warrant further development and testing.

6.5 Patent
In September 2001 a provisional specification for the bellows intervertebral disc
implant was submitted for patenting in New Zealand. This provisional patent has since
been amended several times. The current New Zealand Patent Application Number is
525179/526019.

In May 2004 a Patent Cooperation Treaty (PCT) application was also lodged. The
content of this application is the same as that for the New Zealand patent. The current
PCT International Application Number is PCTINZ2004/000069.

Full text for the current NZ Patent Application can be found in Appendix 9.
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Chapter 7 - Test Rig Design
7.1 Introduction
As suggested in the previous chapter, to aid in the development of the bellows
intervertebral disc implant testing of individual components and the implant assembly
needs to be conducted. This chapter details the development of three test rigs which
could be used to conduct such in-vitro testing. It should be noted that these test rigs are
not designed specifically for the bellows intervertebral disc implant and could be used
to test any artificial disc implant.

7.2 Background
There is currently no validated animal model for testing and evaluating intradiscal
implants or artificial disc implants l . The use of baboons has been suggested, however
this model presents several disadvantages including biological and biomechanical
dissimilarities as well as availability and ethical issues. Therefore mechanical test rigs
need to be developed.
Wilke et al4 recommended the development of agreed in-vitro testing conditions to
allow test results from various research groups to ,be compared. The proposed standard
was primarily aimed at in-vitro tests which utilised functional cadaver spinal segments.
The standard included recommended loading methods, specimen conditions and
analysis parameters. It was also recommended that spinal test rigs incorporate the
following features:
Specimens should be able to move freely in all six degrees of freedom.
Test rigs should be capable of simulating the six loading components separately.
These include flexion/extension, lateral bending and torsion along with axial
compression, tension and shear in the sagittal and horizontal planes.
All possible loading combinations should be provided.
Loading should be applied either continuously or in a stepwise fashion.
Specimens should be able to be loaded in the positive and negative directions
continuously (flexiOn/extension or left-right) so load displacement curves that
reflect the full cycle of motion in a given direction can be obtained.
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Wilke et al 3 reported the design and construction of a multi-axis test rig for in-vitro
experiments. This test rig was designed to test functional cadaver spinal segments and
included the six load components detailed above as well as the option of including
muscle forces.

To create the required motions this test apparatus utilised a gimbal

system which was connected to an overhead gantry. The three gimbal axes were driven
using stepper motors and gearbox-clutch assemblies to provide flexion/extension, lateral
bending and axial twisting motions. The gantry consisted of a support carriage which
translated on rails to provide the required shear, compression and tension movements.
Figure 7.1 shows schematic diagrams of this apparatus.
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Figure 7.1 Schematic diagram of the multi-axis test rig designed by Wilke et al.
[Source: Wilke et aZ-~J

Add-on modules are also available for universal testing machines which allow multiaxis testing of spinal implants and cadaver specimens.

Figure 7.2 shows a

flexion/extension and axial twisting module for a MTS tensile testing machine.
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Figure 7.2 Flexion/extension and axial twisting module for a MTS machine.
[Source: MTS Systems Corporation 2]
3

The main disadvantage of the Wilke test rig and add-on modules is the frequency at
which they are able to perform tests. Both the Wilke and MTS test systems are only
able to perform around 5000 deflection cycles per day. At this rate, testing the bellows
intervertebral disc implant to destruction could take in excess of 20000 days, assuming
an implant life of 40 years (100 million cycles).

Therefore, to aid in the development of the bellows intervertebral disc implant and its
constituent components faster test rigs and simple testing procedures needed to be
developed. To achieve this, the functions of the intervertebral disc implant were broken
down into groups of loads and movements that are more or less independent. This
allowed simpler test rigs and testing procedures to be developed. Another benefit of
this approach is that it allows parallel development and testing of different implant
functions thus reducing the overall testing time frame. This approach does rely on there
being no interactions between the different groups of functions. Accordingly it would
be advisable to perform complete testing procedures prior to using the implant in-vivo.

Ultimately, three test rigs to test different implant functions were designed. These test
rigs were designed to complete the following tasks:
Test how specimens perform during angular deflections around one axis.
Test the compression response of specimens.
Test specimens in flexion/extension, lateral bending and compression.
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7.3 Common Features
The test rigs designed have several common requirements and features as detailed
below.

7.3.1

Environmental Considerations

The test temperature is important as the physical properties of materials, especially
polymers, are temperature dependant. All testing should therefore be carried out at a
constant temperature of37 D C to simulate in-vivo conditions.

Corrosion and chemical interactions between components and fluids must also be
considered. For example when testing the internal support components they should be
surrounded by the fluid fill medium used in the bellows intervertebral disc implant.
Similarly, if the metallic bellows are being tested the exterior should be exposed to
conditions as close to those in-vivo as possible, while the interior faces should be
exposed to the fill fluid medium. To simulate in-vivo conditions stabilised bovine
serum, otherwise known as Hank's solution, is normally used.

The vessels used to contain the test fluids must meet several requirements including:
The vessels should be non-reactive so they do not affect the test results.
Removable top covers should be provided.
Provision should be made for adding and draining the test fluids.
The vessels should ideally be transparent to allow visual monitoring of the test
speCImens.
All the test rigs developed utilised Perspex vessels to contain the testing fluid. The top
of these vessels can be easily sealed using plastic cling film. To prevent localised
overheating and burning of the test fluids, 316L stainless steel tube can be coiled in the
bottom of the fluid containment vessels and water preheated to 37 D C pumped through
the tubing. This reticulating hot water system allows the temperature of the testing
fluids to be accurately controlled while not exposing them to temperatures greater than
37 D C. Conversely, if heat needs to be removed from the system cold water could be
circulated through the stainless steel tubing.
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Wear debris generated by test rig components should under no circumstances come into
contact with the test specimens or fluids as this may influence the test results.
Therefore no sliding or articulating test rig components should be located in the fluid
containment vessels.
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7.3.2

Monitoring

The perfonnance of the test specimens and test rigs needs to be monitored for the
duration of all the tests and all the results recorded. Parameters of interest may include
the applied loads or a tally of the excursions test specimens have been subjected to.
Specific parameters which should be recorded are detailed in each test rig's
specification.

Monitoring accessories may also be added to some test specimens to record parameters
such as pressure, temperature or strain gauge readings. Therefore there should be space
in the fluid containment vessels for these devices and their connections.

If a computer is used to monitor and record the test rig and test specimen parameters
then the results should be pennanently stored, rather than just cached, so that the results
are not lost ifthe power supply to the computer system is disrupted.

7.3.3

Safety

The test rigs should have physical guards to prevent the operator or any bystanders
being injured.

7.3.4

Control Systems

If a control system is used to manage the test rigs it should also have provisions for:
Stepping through the test sequence.
Pausing and recommencing the test sequence.
Automatic operation.
If power is lost to the test rigs or monitoring systems, the test rigs should automatically
cease all operations and return to an unloaded position until further intervention by an
operator.
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7.4 Single-Axis Testing
The ability of the metallic bellows and internal support components to withstand
angular deflections needs to be tested. To simplify the analysis of test specimens and to
increase the testing speed a test rig should be developed which deflects test specimens
angularly around one axis only. The complexity of the test rig and testing procedure
can be decreased further by using deflections of a constant magnitude for the duration of
each test. For example a set of test specimens could be repeatedly deflected 8° around
one axis.

Data from such tests would be used to determine the number of deflections the implant
can withstand in one direction.

This data could also be used to provide a coarse

estimate the implant's overall fatigue behaviour. Alternatively the wear properties of
the internal support components could be determined allowing the sliding and rolling
internal support systems to be accessed and the material selection finalised.

While the test specimens are being deflected angularly, compressive loads should be
applied to replicate the contact stresses and internal pressures the components will be
exposed to in-vivo.

The test specimens should be constrained so they can only deflect around one axis. The
angular deflection moments and compressive loads should then be applied through these
constraint mechanisms.

The axes of the constraint mechanisms should be aligned

concentrically so that the test specimens are not subjected to additional shear loads.
Provision should also be made for positioning the test specimens so their axes of
rotation coincide with the test rigs axis of rotation.
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The single-axis test rig should be able to repeatedly test the specimens using the
procedure given below:
Starting with the test specimen(s) in an unloaded and undeflected state.
Increase the compressive load applied to the test specimen(s) until a constant
predetermined load is reached.
Deflect the test specimen(s) angularly around one axis through a fixed angle, as
many times as is required.
Return the specimen(s) to an undeflected position.
Remove all loads from the test specimen(s).
Repeat as required.
The implant's performance should be monitored through out the duration of the singleaxis deflection testing procedure with the following parameters being recorded:
Angular deflection range.
Number of angular deflections completed.
Magnitude of the loads applied.
Room temperature and fluid bath temperature.
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7.4.1

Test Rig Design

Two methods of deflecting the implant angularly were considered, these were using a
stepper motor and a four bar linkage system. The main advantage of stepper motors is
that the angle they operate though can be easily adjusted, by altering a parameter in the
control system. However, stepper motors and their control systems are expensive.

It was determined that the simplest and cheapest way to constantly deflect the test rig

and test specimens though a fixed angle was to use a four bar linkage mechanism. By
fixing the length of the linkages the angle the test specimens are deflected through can
be easily and accurately set. To allow fine adjustment of the deflection range variable
length linkages were included in test rig where possible. A flywheel was added to the
test rigs drivetrain to ensure minimal fluctuations in the testing speed.

The internal pivot components or implant assembly do not require great force to deflect
them angularly therefore the decision was made to develop a multi-station test rig. This
allows a greater number of samples to be tested simultaneously, reducing the overall
testing time frame.

The decision to develop a multi-station test rig design made it impractical to use
weights to provide the compressive loads on the test specimens. Instead pneumatic
cylinders were utilised to provide the compressive loads. Regulators can be used to
limit the air pressure supplied to the cylinders, thus allowing the force applied to the test
specimens to be controlled. By utilising solenoid operated control valves the pneumatic
cylinders can also be configured to unload the test specimens should the power supply
to the test rig be interrupted.

To allow accurate alignment of the constraint mechanisms tight tolerances were added
to the relevant features on the manufacturing drawings and a fine adjustment
mechanism was built into one end of the test rig. This adjustment mechanism allows
the upper constraints to be moved relative to bottom constraints, thus allowing them to
be accurately aligned.
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The test specimens must also be able to be adjusted vertical to ensure their axes of
rotation are coincident with the test rig's axis of rotation. Accordingly, fine pitched
adjustment screws were added to the non-reciprocating constraints. By winding these
adjustment screws up or down the height of the test specimens can be adjusted.

Figure 7.3 shows an isometric view of the final 4-station single-axis test rig.

Pneumatic
Cylinder

Adjustable
Linkage
-.--- Test Specimen

Fluid Vessel

Specimen
Height
Adjustment

Figure 7.3 CAD model of the single-axis test rig.
Note: The temperaLllre control system and right handjluid vessel are not shown for clarity.
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Figure 7.4 shows the single-axis test rig in two different positions.

Figure 7.4 Single-axis test rig range of motion.

The single-axis test rig was manufactured during the course of this project so testing of
the internal support components could be conducted. However, complications with the
supply of test specimens prevented this testing being conducted.
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Front and side views the test rig manufactured are shown in Figure 7.5.

Figure 7.5 As built single-axis test rig.
(a) Front View.
(b) Side View.

Figure 7.6 shows two of the test specimen constraint mechanisms, fluid containment
vessels and 316L stainless steel heating coils.

Figure 7. 6 Single-axis test rig constraint mechanisms. fluid vessels and heating coils.
Note: the fluid containment vessels are shown with a protective layer of plastic film.
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7.5 Vertical Load Testing
A test rig needs to be developed which allows the ability of the internal support and
assembled implant to withstand static and dynamic loads to be assessed. The test results
would be used to confirm that the internal support components do not suffer fatigue
failure, surface degradation or cold flow. Alternatively, the effects of separating and
contacting the internal support surfaces could be evaluated.

The number of axial

compressions and decompressions the metallic bellows can withstand could also be
quantified using this test rig.

Vertical load testing should be carried out by constraining the top and bottom faces of
the test specimens so no angular deflections can occur. The vertical load test rig should
then repeatedly load the test specimen(s) using the procedure given below:
Starting with the test specimen in an unloaded state.
Apply loads to the test specimens through the constraint mechanisms until a
constant predetermined load is reached.

During this loading procedure no

angular deflection should occur. For the bellows intervertebral disc implant the
static load was specified to be 600 N.
As required, apply shock loads to the. test specimen(s) via the constraint
mechanisms to simulate dynamic loading effects such as those present when
walking or running.
Remove all loads from the test specimen(s).
Repeat.
The test specimen's performance should be monitored through out the duration of the
vertical load testing procedure with the following parameters being recorded:
Number of static loading cycles.
Number of dynamic loading cycles.
Magnitude of the loads applied.
Room temperature and fluid bath temperature.
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7.5.1

Test Rig Design

Two methods of applying compressive loads to the implant were considered, these were
the use of weights or a pneumaticlhydraulic system. Weights were rejected as they can
not easily be removed in the advent of a power failure, also the loads specified would
require large masses of material. Pneumatics were the preferred option compared to
hydraulics, as pneumatic components are easier to service and cheaper to purchase than
hydraulic components.

Based on this decision a test rig utilising a pneumatic cylinder was developed. By using
a regulator to limit the air pressure supplied to the pneumatic cylinder the load applied
to the test specimens can be accurately controlled.

Furthennore, by utilising two pressure regulating valves, one pneumatic cylinder can be
used to provide both the static and dynamic loads. This can be achieved by pressurising
the top of the cylinder (out stroke) to the sum of the static and dynamic loads, while the
lower half of the cylinder (in stroke) can be pressurised to provide the dynamic load.
With such a system, when both sides of the cylinder are energised the forces balance,
resulting in only the static load component being applied to the test specimen. If the
lower half of the cylinder is then depressurised both the static and dynamic loads are
applied. This system also offers the advantage of allowing the dynamic loads to be
rapidly applied to the test specimens.

Solenoid operated valves were added to the pneumatic circuit. These valves can be
configured to depressurise both sides of the pneumatic cylinder, thus unloading the test
specimens, should the power supply to the test rig be interrupted.

Figure 7.7 shows an isometric VIew of the proposed test rig assembly.

This

arrangement could be used to create a multi-station test rig, however given the cheap
construction of the apparatus, building individual test rigs was considered to be more
practical.
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Pneumatic Cylinder

Figrlre 7.7 CAD model oJtlre vertical load test rig
Note : the temperature control system is not shown Jor clarity.
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7.6 Multi-Axis Testing
A multi-axis test rig needs to be developed which applies flexion/extension and lateral
bending moments to the bellows intervertebral disc implant. Static and dynamic loads
should also be applied to the test specimens to accurately represent in-vivo conditions.
The results of such multi-axis testing will allow the fatigue and wear performance ofthe
bellow intervertebral disc implant and its components to be quantified.

Testing should be carried out by constraining the implant's endplates.

Angular

deflection moments and compressive loads should then be applied through these
constraint mechanisms replicating the way the bellows intervertebral disc implant will
be deflected and loaded in-vivo.

The constraint mechanisms used to locate and deflect the test specimens should be
aligned so they place no additional loads on the test specimens. Provision should also
be made for correctly positioning the test specimen so its axes of rotation coincide with
the test rig's axes of rotation.

Depending on the type of internal support used, sliding or rolling, there may be some
decompression of the test specimens during angular deflections. The test rig should not
prevent such decompression from occurring.
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During a typical testing sequence the following ranges and numbers of deflections
should be applied to the test specimens.
Axis 1 - Positive Direction (Flexion)
1 deg - 4800 cycles
2 deg - 1800 cycles
5 deg - 240 cycles
8 deg -75 cycles
Axis 1- Negative Direction (Extension)
1 deg - 6600 cycles
2 deg - 315 cycles
Axis 2 - Both Directions (Lateral Bending)
1 deg - 6600 cycles
2 deg -75 cycles
These deflections should be programmed to occur in a mixed order rather than all the
deflections in one direction being applied consecutively. As previously determined in
Section 4.1.4 such a sequence of deflections represents one days worth of typical
lumbar spine deflections.

Therefore, to simulate a 40 year implant life span the

programmed sequence of deflections should to be repeated approximately 14,500 times.
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The multi-axis test rig should be able to repeatedly deflect test specimens using the
following procedure:
Starting with the test specimen(s) in an unloaded state.
Increase the compressive load applied to the test specimen(s) until a constant
predetermined load is reached. For the bellows intervertebral disc implant the
static load was specified to be 600 N.
Deflect the test specimen(s) angularly through the programmed series of angular
deflections around both axes.
During these angular deflections, pre-programmed shock loads should also be
applied to the test specimen(s) to simulate dynamic loading effects such as those
present when walking or running.
Return the test specimen(s) to an undeflected position.
Remove all loads from the test specimen(s).
Repeat the testing sequence as required.
The implant's performance should be monitored through out the duration of the multiaxis testing procedure with the following parameters being recorded:
Magnitude and number of static loading cycles.
Magnitude and number of dynamic loading cycles.
Magnitude and number of angular deflections completed in both axes.
Number of pre-programmed deflection sequences completed.
Room temperature and fluid bath temperature.
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7.6.1

Test Rig Design

Given the need for the test piece to rotate varying amounts around two axes, a stepper
motor powered gimbal arrangement, similar to that proposed by Wilke et a1 3, was
considered to be the most practical solution. While stepper motors and their associated
control systems are expensive they allow the test rig to have the required flexibility.
Stepper motors also allow a reasonable compact test rig design to be developed.

The final design was developed by an undergraduate student closely supervised by the
author.

The general design and layout of the components was discussed and

rationalised by both parties based on Wilke et al 3 findings, while the detail design work,
such as sizing of components, was completed by the undergraduate student.

A pneumatic cylinder was utilised to provide the required compressive loads.

As

previously described for the vertical load test rig, by utilising two pressure regulating
valves one pneumatic cylinder can be configured to provide both the static and dynamic
loads.

Counterweights should be added to the gimbal rings as required, to balance out the
weights of the stepper motors and pneumatic cylinder.

This will prevent the test

specimens being subjected to additional loads or deflections.

To allow the constraint mechanisms to be accurately aligned tight tolerances should be
added to the relevant features on the manufacturing drawings and an adjustment
mechanism was built into each of the gimbal axes. These mechanisms allow each of the
gimbal rings to be adjusted relative to each other and relative to the base plate of the test
rig, thus allowing the two constraint mechanisms to be aligned concentrically.

The test rig designed also includes a vertical adjustment mechanism so the test
specimen's axes of rotation can be aligned with the gimbal axes. As for the single-axis
test rig, this was achieved by adding a fine pitched adjustment screw to the bottom
constraint mechanism. By winding this adjustment screw up or down the height of the
test specimen can be adjusted.
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The multi-axi s test rig is shown in two deflected states in Figure 7.9.

(a)

(b)

Figure 7. 9 Mlllfi-axi.f leSI rig axes.

(0) Angular deflectioll (lrOlmd Axis J.

(b) AI/s uinr deflection aroulld A.~is 2.

A multi-station test ng could be created by manufacturing several gimbals and
connecting them with linkages so that one set of stepper motors could be used to test
several test specimens. However this would require more powerful stepper motors and
the manufacturing tolerances in the linkages and connections may result in the
additional test rigs not deflecting accurately. Therefore, if multiple test stations are
required it wou ld be more prudent to build several independent test rigs each with their
own stepper motors and control system.
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7.7 Conclusion
In order to aid development and testing of the bellows intervertebral disc implant,
specifications and designs for three test rigs were developed.

These test rigs are

intended to complete the following tasks:
Single-Axis Test Rig - Deflects angularly around one axis a constant amount,
allowing the wear and fatigue properties of individual components and the
metallic bellows to be rapidly assessed.
Vertical Load Test Rig - Applies static and dynamic compression loads to
individual components or the complete implant assembly allowing any fatigue
failure or surface degradation issues to be identified.
Multi-Axis Test Rig - Deflects the assembled implant angularly around two
axes while applying static and dynamic compression loads. This test rig allows
the performance of the implant to be assessed when it is subjected to loading
conditions similar to those found in-vivo.
As discussed in Section 7.2 by breaking the implant functions into groups of loads and
movements that are independent, the testing procedures could be simplified and parallel
testing of implant functions could be carried out. This approach allowed simpler test
rigs to be developed and the overall testing time frame could be reduced. Another
benefit was that higher testing frequencies could be achieved. For example, the single
axis-test rig was design to test components at 1.17 Hertz (70 cycles per minute) which is
significant improvement over the 3.5 cycles per minute offered by the Wilke et a1 3 or
MTS test rigs

2

•

At the conclusion of this project no testing had been carried out using these test rig
designs. As previously stated in Section 7.4.1 testing of internal support components
was intended to be done but due to issues with the supply of test specimens this work
could not be started. Testing of the welded bellows was considered but once the cost
and timeframe were disclosed it was unrealistic to include such testing as part of the
project. Additionally the detail design of such testing procedures is a task which turned
out to be well beyond the scope ofthis project.
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Chapter 8 - Conclusion
Disorders of the lumbar intervertebral discs may occur for a variety of reasons including
trauma, disease or deformity. Currently, the most common surgical treatment for such
disorders is spinal arthrodesis which involves fusing the vertebrae adjacent to the
affected intervertebral disc. In 1997 it was estimated that over 150,000 lumbar fusions
were performed in the United States.

However, spinal arthrodesis has many

disadvantages which limit both its short and long term success rates.

The aim of this project was to develop an implant which allowed damaged
intervertebral discs to be replaced and which also allowed the patient to retain full
motion at the affected level. Several other researchers have developed intervertebral
disc implants, however as detailed in Chapter 4 these implants have their own inherent
problems. The most significant problem the majority of these existing artificial disc
implants present is that they generate wear debris, which may in tum lead to the onset of
osteolysis. Therefore the specification for this project stated that the intervertebral disc
developed should produce no wear debris.

The implant developed consists of a welded metallic bellows which acts as a flexible
pressure vessel containing a semi-compressible fluid/gas core.

This arrangement is

similar to that of a healthy intervertebral disc in which the fluid nucleus pulposus is
encapsulated by the elastic collagen fibres of the annulus fibrosus.

This implant is able to withstand compressive loads and angular deflections while
having a low angular stiffness. The implant utilises multiple load carrying mechanisms
and also incorporates overload protection features.

The presence of multiple load

carrying mechanisms also helps to further reduce the chance of the bellows
intervertebral disc implant failing catastrophically.
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To minimise the trauma to musculature and nerves surrounding the patient's spine the
bellows intervertebral disc implant was designed to last in excess of 40 years and to be
inserted using a lateral approach. This approach also allows the majority of the annulus
fibrosus, particularly the anterior aspect, to be preserved.

This was deemed to be

important as the anterior portion of the annulus fibrosus plays a significant role in
supporting the applied loads and helping to preserve the stability of the lumbar spine.

Metallic bellows and thus the bellows intervertebral disc implant have a low angular
stiffness.

However, when implanted the combination of the implant and retained

annulus fibrosus will result in an angular stiffness which is similar to that of a healthy
intervertebral disc. This will help to ensure that the stability of the spine is preserved
and that the patient does not have to exert additional energy to bend at the affected
level.

The bellows intervertebral disc implant is more complex than the other artificial discs.
A less complex intervertebral disc implant could have been developed during the course
of this project by allowing the production of wear debris, as other artificial disc implants
do. However, the role of wear debris in the spine is a contentious issue. Accordingly as
further research into new and existing intervertebral discs is conducted it may become
apparent that there is a need for an artificial disc which does not produce any wear
debris. The bellows intervertebral disc implant meets this requirement.

To allow testing of the bellows intervertebral disc implant three rig designs were
developed which could be used to conduct accelerated in-vitro testing. Each of the test
rigs is intended to test one component of the implant's performance. For example, the
implant's performance when bearing compressive loads, or deflecting around one or
two axes could be appraised. Such testing of individual aspects of the implant will
allow the testing procedures to be simplified and accelerated while still allowing
representative data about the implant's long term performance to be obtained.
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Areas of the bellows intervertebral disc implant which should be tested and refined to
ensure safe and optimum in-vivo performance include the following:
Testing of the metallic bellows specified to confirm they can meet the fatigue and
pressure requirements
Testing to finalise the internal support geometry and material combination.
Testing to determine the effects of internal and external debris on the life of the
metallic bellows.
Testing of the tether/sheath assembly to ensure it correctly limits the implants
range of motion and prevents the ingress of debris into the welded bellows
convolutions.
Refinement of the tether/sheath fixation mechanisms.
In summary, a new lumbar intervertebral disc implant has been designed which has the
unique feature of not producing any wear debris. This implant has sufficient potential
to warrant further refinement and in-vitro testing to determine whether it is viable for
in-vivo use. Ultimately, the use of such an implant should bring new levels of comfort
and confidence to those many patients requiring treatment for lower back disorders.
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Part B

BioModelling
and 'the
Development of a Femoral Endoprosthesis
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Chapter 9 .. BioModeliing
9.1 Problem Statement
The proposal for the BioModelling component of this project was prepared before any
research into intervertebral disc implants was completed, it stated the following:

Develop the capability to produce computer models, and consequently plastic and
metal replicas from CT scans ofpatients' vertebrae.

It is essential for custom implants to duplicate the patients' bones.

It is

unacceptable for an orthopaedic surgeon to find in the middle of an operation that
replacement parts do not fit. A spinal implant, unlike a hip replacement, has to fit
the surrounding bones, it has to clear the spinal cord and other structures and it is
by comparison a complex shape.

Therefore, for this project it is essential to have tools which allow boney structures
to be faithfully model and reproduced. It may be possible some time in the future to
develop a range of standard sized implant components, but at this stage this is not
realistic. Vertebrae are just too complex.

The technical steps to developing this models-from-CT-scans capability are:
- Acquire software and learn methods to convert CT scan data to CAD models.
- Acquire suitable CT scan data to work on.
- Develop a process for producing NC machined metal bone models.
- Develop a process for producing FDM plastic bone models.

As the research into the development of an intervertebral disc implant progressed, it
became apparent that a BioModelling capability was not necessary.

Provided the

implant meets the simple endplate form requirements there is no need to replicate the
boney structures. However, by the time this was realised research into BioModelling
was almost complete.
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Aside from 'aiding' in the development of intervertebral disc implants, BioModels can
also be used for visualisation and preoperative planning purposes. This is particularly
relevant for maxillofacial and plastic surgery applications, where the preservation of
boney features is critical if an accurate aesthetic result is to be achieved. Therefore,
given these other visualisation and planning applications, the decision was made to
complete research into BioModelling techniques. The resulting processes have since
been offered to local surgeons as a service.

The following areas were focused on during the BioModelling section of the project.
Developing working relationships with hospital staff involved in CT scanning.
Determining methods for accessing and copying CT scan data.
Acquiring software and methods to convert CT scan data to 3d models.
Output of 3d data in formats suitable for rapid prototyping.
Production of plastic models, or BioModels.
Production of CAD models for modelling and NC machining purposes.

Note: The images shown in this chapter where generated by the author during the course
of this work, unless otherwise noted.
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9.2 Medical Imaging
There are several different types of medical imaging system available, including
Computed Tomography (CT), Magnetic Resonance Tmaging (MRJ) and Positron
Emission Tomography (PET) scanning.

Bone is most commonJy imaged using CT

scanning as it offers the best resolution of hard tissues.

A brief explanation of CT

scanning follows.
9.2.1

Computed Tomography Imaging

Computed Tomography (CT) imaging, is also known as "CAT scanning" (Computed
Axial Tomography). The word Tomography comes from the Greek words "tomos"
meaning "slice" or "section" and graphia meaning "describing".

Computed Tomography is based on standard x-ray principals. As x-rays pass through
the body they are attenuated or weakened at differing rates depending on the density of
the material being scanned. The key difference is that in a CT scanner an arc shaped
detector measures the x-ray profile, as opposed to a film when taking a conventional xray image. The x-ray tube is mounted on one side of a rotating frame inside the CT
SCaruler and an arc shaped detector mounted on the opposite side, as shown in
Figure 9.1.

/PlatfOrm

Figure 9, I Schematic of modern CT scanner,
{Adapted from: hllp://science.ho'Wstujfwor/r.s. com!caL-scan2,htmj
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9.3 Medical Reconstruction
Traditionally, medical images have been viewed as a series of planar images, each of
wh.ich shows a sectional cut through the patient's anatomy. Basic software algorithms
have been available for several years which allow approximate 3d reconstructions to be
made directly from the raw sl.ice dala. However, these reconstructions typically have
poor resolution and accuracy. The BioModelJing software packages investigated during
the course of this research offer the advantage of allowing high quality accurate 3d
reconstructions to be created. This high resolution data can then be used to produce
graphical or physical models.

Figure 9.5 shows a CT scan output as traditional planar images and a three-dimensional
image produceJ using BioModelling software.

(b)

(0)

Figure 9,5 CT planar images and three-dimensional reconslnlclion image,
(a) Slice daltLjroni a CT scan of a skull. skill and experience are required to diagnose such im.ages.
(b) Reconstructed 3d //Iodel of the same CT daLa. this model can be rotated and mag/lifted ot/olVing the
surgeon
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9.3.1

Reconstruction Process

Several software packages designed to reconstruct medical imaging data are
commercially available. The general sequence of operations for these packages is:
1. Import the slice data.
2. Organise the slice data, as required.
3. Adjust contrast and brightness.
4. Set threshold levels to isolate material of required density.
5. Create masks using the threshold data.
6. Adjust the masks as required (draw/erase).
7. Calculate the 3d volume of selected mask data.
8. View the 3d volume.
9. Export the 3d volume as required.
Importing slice data is a simple process that involves selecting a set of images to be
reconstructed. As there is no standardised data format for CT scanners different import
filters are required for each brand of scanner.

The software packages tested were

capable of importing most common formats, however in some cases the import filters
were sold as individual modules.
Patients are sometimes scanned with gantry tilt as shown in Figure 9.7.

This is

normally done so the anatomy of interest can be visualised more clearly when the slice
data is viewed as planar images.

Gantry tilt must be removed when creating 3d

reconstructions. Some of the software packages investigated were capable of importing
and realigning CT data with gantry tilt. However, it was found that the interpolation
required to realign the slice data, often resulted in inferior quality 3d volumes being
created. It is therefore advisable not to use gantry tilt for scans which are going to be
reconstructed.
Gantry tilt 000.

Figure 9. 7 Gantry tilt schematic.
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Once the slice data has been imported the images can be removed, added or reordered as
required. A typical dialogue box for organising slice data is shown in Figure 9.8.
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Figure 9.8 Org(1nise images dialogue box.
The "Organise Iml1ges" dialoglle box call be Ilsed to remove. add or reorder slice data as required.
Shown is the "Organi.se Images" din/ogue box for the Mimics software package.

The basic unit of CT or MR slice data is the voxel or volume element. Voxels represent
a pixel in the display of CT or MR images. By manipulating and filtering the voxels,
specific groups of tissue can be isolated for reconstruction. For this project, the primary
area of interest was the reconstruction of bones, however it is possible to reconstruct
individual blood vessels, nerve tissue or muscle groups. Standard voxel manipulation
and isolation tools include contrast adjustment and thresholding, which are detailed m
Sections 9.3.2.1 and 9.3.2.2 respectively.
Once the target voxels (tissues) have been isolated they can be modified using draw and
erase tools. This allows unwanted cavities to be filled and unwanted data removed.
These tools are detailed in Section 9.3.2.3.
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The next step in the reconstruction process is to calculate the three dimensional volume.
By triangulating between the edges of voxels in adjacent slices, a three dimensional
solid can be created. Typically during this phase of the reconstruction process low,
medium or high quality reconstruction options can be selected. The number of voxels
grouped together in one triangular facet determines the quality level. If fewer voxels
are grouped together more triangles are required to describe the surface, and in tum the
quality of the reconstruction increases.

The reconstructed volume can then be viewed. A typical reconstruction 3d view is
shown in Figure 9.5(b).

All of the software packages investigated allowed the

reconstructed model to be rotated, panned and zoomed as required.

Once the required geometry has been isolated and reconstructed the next step is to
export the 3d volume.

All of the software packages investigated were capable of

exporting reconstructed data in an STL format and some packages were also capable of
exporting VRML files. Both of these file formats use triangular facets to describe 3d
surfaces. As detailed in Section 9.6.1.1, BioModelling software packages often produce
large STL and VRML files which contain thousands of triangular facets.

STL files were the export format of choice, especially for rapid prototyping purposes
where STL files are the industry standard.

VRML files are primarily intended for

visualisation purposes and are not editable.

The time required to complete a reconstruction varied from package to package and
from case to case. Typically the time from receipt of the data to output of an STL file
was under an hour.
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9.3.2

Standard Voxel Manipulation Tools

Most reconstruction software packages have three main voxel manipulation tools,
contrast, threshold and draw/erase. The operation of these tools varies from package to
package however, the effect on the slice data is the same.
9.3.2.1

Contrast

Contrast tools change the number of grey values available for display.

Basically

adjusting the contrast makes whites whiter and bJacks blacker. The objective when
adjusting the greyscale values is to allow different densities of material to be identified
without the image becoming washed out. The contrast also affects the thresholding of
images.

Figure 9.9 shows three different contrast levels for the same CT slice. The first image,
Figure 9.9(a), has a wide range of grey values, but the edges of the bone and soft tissues
are hard to distinguish. Figure 9.9(b) has a reduced range of grey values which allows
the boney features and their edges to be more readily identified. If the available grey
scale range is too small as shown in Figure 9.9(c) the image becomes washed out and
fi ner details are lost.

(c)

Figure 9.9 CT slices with increasing contrast.
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9.3.2.2

Threshold

Thresholding is used to select and isolate the voxels required for the reconstruction.
Typically the data selected is added to a mask for reconstruction purposes.

The

threshold limit(s) defines which voxels are included in the mask based on the greyscale
value of each voxel. The material which is to be isolated can be selected using either
one or two thresholding limits. In the case of using one threshold, all the voxels in the
image with a greyscale value higher than or equal to the threshold value are added to the
mask. In the case of using two thresholding limits voxels with greyscale values equal to
and between both values are selected.

Figure 9.10 shows a CT image with three different thresholding values. In each case the
goal is to isolate the boney features using a lower thresholding limit. In Figure 9.10(a)
the thresholding value used is too low and some soft tissue is also selected, this would
resu It in the reconstruction of soft tissues as well as boney features.

Figure 9.1 O(b)

shows a more ideal thresholding value, all of the high density bone is selected but the
lower density soft tissues are not.

If the thresholding value is too high, as shown in

Figure 9.10(c) some of the boney features will be lost.

(a)

(b)

(c)

Figure 9.10 CT slices with varying thresholding limiLs.

Correctly setting the

threshold

value(s)

is

essential

to

creating an

accurate

reconstruction. This can be difficult to achieve especially if raw slice data or image
contrast are poor.

!U.U

DrawlEraoe

!)mol """..-- """"' ..,.,. " " ' . -

dao '" "" ......... Jy al,1ed. The>< ....... may ""

.....w

Iftjuorooi '" 'm.... once- fmm Iho ~. - " .. n.c. fmm "' ..... ~
filII"" or ""'..... of 1M
pI.,r""" _ _= mcl'- ill .... .. ... ..... llM:

sew.,,,,

~ro ...

1<>01 i. 01", .-Ii>! '" '''''phfy __ ..,....

_n . . . _

cI<t.ool """" .. ....

• In .. ar .. rdnom "... i,;"'... iII<no.. in I'i""" 9.1!(b~

/01---

T_"lIo.-_£-._
/01 ,.",.~.. ~_ ..... - . _

.. _

.. ..,,;n ... _

, _ ........... "" _ "'-_

.....__ ,............. _fUl'" 1o .. ....iIt IM _ _

241

9.3.3

Software Solutions Trialed

Three commercially available reconstruction packages that are capable of importing CT
slice data and exporting reconstructed 3d volumes were investigated during the course
of this project. A summary of each software package and the findings are detailed
below.

9.3.3.1

3D Doctor

3D Doctor is a software package for researchers requiring medical, engmeenng or
scientific 3d image viewing and reconstruction tools. It is able to create 3d models from
medical images for diagnosis, surgical planning, and rapid prototyping applications. It
is also able to reorient the slice plane for CT and MRI images allowing the patient
anatomy to be viewed from any angle or direction I.

The basic reconstruction process using 3D Doctor is as follows:
1. Import the CT slice images into 3D Doctor.
2. Create object boundaries using the auto or manual segmentation functions.
3. Use 3D Doctor's surface rendering to create a 3d modeL
4. Export the resulting model as an STL file.
The cost of 3D Doctor at the time of investigation was NZ$9600.

242

Figure 9.12 3D Doctor workspace and image mosaic
A magnification of the sacrum and its associated object boundary are shown.
{Source: hltp://www.ablesw.com/3d -doctorltll tor. II tml J

During the trial of 3D Doctor it was found that the thresholding or segmentation tools
produced very coarse masks, as shown in Figure 9.12. This limited the accuracy of the
reconstruction that could he created using 3D Doctor and for this reason it was not
considered

10

be a viable option.
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9.3.3.2

Mimics

One of the most extensively tested packages was Mimics. This package is commonly
used in industry to create medical reconstructions. The reconstructions produced using
Mim.ics were found Lo be of a high quality, yet simple and quick to produce. The
general reconstruction procedure using Mimics is as follows:
I. Select and import the slice data into Mimics.
2. Remove any uTU1ecessary slice data.
3. Adjust the contrast of the images and threshold to isolate the required material..
4. Using a region-growing tool, select one voxel within the region of interest.
Mimics adds all the inter-connecting voxels witrun the thresholding limit(s) to a
new mask.
S. The "Calculate 3d" tool is then used to create a 3d reconstruction. Different
reconstruction quality levels can be selected at this stage.
6. A rendering of the 3d model is displayed which can be rotated, scaled and
measure as required.
7. Expon the resulting model as an STL file.

Figure 9_13 Mimics workspace_
A magnification of the sacrum and ils associnted fTZLlsk are shown.

The masks and reconstructions created using Mimics were found to have a high
resolution as shown in Figure 9.13.
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However, the image manipulation tools in Mimics were quite basic.

Some of the

software packages tested included filtering algorithms that allowed noisy data to be
improved and soft tissues to be more readily isolated, but Mimics did not offer such
functionality.

Mimics was also the most expensive package tested, with the base module costing
NZ$19,800, at the time of investigation.

In addition to this, Mimics also required

individual raw data filters to be purchased so data could be imported from different
brands ofCT scanner.

The main advantage of Mimics was that it was easy to use, with simple tools and menu
structures.
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9.3.3.3

Velocity2 Pro

The other software package that was tested extensively was Velocitl Pro, which is
produced by Image3. The Velocity reconstruction software was originally developed
for UNlX based computer systems, however at the time of investigation Image3 were in
the process of re-writing the software to run on Microsoft Windows. The reconstruction
process using VelocitY Pro is as follows:
1. Select and import the slice data into Velocitl Pro.
2. Remove any urmecessary slices.
3. Adjuslthe greyscale and apply filters to each slice as required.
4. Using a Oood-select tool threshold each image to isolate the required data and
create masks.
5. Modify the mask data as required to remove cavities and artefacts using logic,
filtering and manual selection tools.
6. Create a three dimensional model using the Surfer function.
7. View the model.
8. The model file size and complexity can be reduced if required by merging
surfaces that lie within a specified angular tolerance.
9. Export the resulting model as a STL file.

Figure 9. J4 Velocit/ Pro workspace (Unix Version).
/Source: VelociIy~ Pro Tutoriat Exercise (ompleJed as part software evaluntion]
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The models produced using Velocity Pro were found to be of a high quality and noisy
or poor data could be manipulated using the wide range of tools and :filters available in
the package. These tools also allowed varying densities of tissue to be readily isolated
and reconstructed. All ofthe data manipulation tools only affect one data slice at a time
however scripts could be created to automate the manipulation process. The additional
tools and functionality offered by Velocity Pro increased the complexity of the package
and resulted in a more complex reconstruction process. The cost of Velocity Pro at the
time of investigation was NZ$16,OOO.

9.3.4

Final Software Package Chosen

After evaluating these three reconstruction software packages the decision was made to
purchase Velocity Pro. This decision was influenced by the lower cost of this software
package and by the potential offered by the more advanced data manipulation and
:filtering functions.

However, with use it was found that the Velocity Pro software was quite cumbersome
to use. Also, as the majority ofthe work completed using the software has only involved
the reconstruction of high-density boney features, the majority of the :filtering and
manipulation tools have not been required.
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9.3.5

Problem Highlighted With Use

Several other problems were identified as the reconstruction software was used as
discussed below.

9.3.5.1

Data Retrieval

In New Zealand, CT images are primarily used for planar visualisation purposes hence
the scan data is normally copied to x-ray film and the raw data is deleted. In order for
BioModelling to be completed the raw data must be retained. Therefore systems had to
be set up which allowed the raw data to be copied.

CT scan data is normally stored on magnetic optical discs. Once the scan data has been
transferred to film these discs are recycled and the raw data is discarded.

At

Christchurch Public Hospital magnetic optical discs are reused every 2-3 days.

The magnetic optical discs could be transported off the hospital sites for downloading of
the scan data.

However, magnetic optical discs and their associated drives are

expensive and as there is no standard disc format each brand of disc requires a different
proprietary drive. This is not an issue for the hospitals concerned as they normally only
use one brand of disc. However, the need for multiple magnetic disc drives and time
restrictions makes it impractical to transport the discs to another location for
downloading.

The CT scan data therefore had to be copied to another storage medium, such as CD, on
the hospital premises. It was found that due to sensitivity and high demands on the CT
scanner systems, hospitals were not prepared to allow peripheral devices such as CD
writers to be attached to the CT scanners. The final solution was to have the medical
physics departments in each hospital copy the data over their networks and then bum
the data to CD. The data could then be released for reconstruction.

To facilitate this process, forms were generated to ensure the patient data was copied
with the appropriate consent and at the correct time. An example of such a form can be
seen in Figure 9.20.

248

9.3.5.2

Data Accuracy

During the trials of reconstruction software, test data was obtained from the Medical
Physics Department at Christchurch PubHc Hospita1, New Zea1and. Initially this data
was modified by the Medica1 Physics Department allowing it to be imported directly
into the software packages without the need for additional import filters. However, it
was found that the reconstructions created from this data were very coarse. This was
attributed to the low sampling rate used during the modification of the data. This
problem was resolved by using the raw scan data and import filters supplied by the
reconstruction software vendors.
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9.4 Rapid Prototypi ng
The next task research task was the creation of plastic BioModeis usmg rapid
proLotyping technology.

Rapid prototyping systems create parts by adding thin layers of material in the x·y
plane.

Once one layer is built the model is lowered by a small amount in the z

direction, and the construction of the next layer begins.

By continuing to add more

layers of material three dimensional parts can be constructed as shown in Figure 9.15.
This process di ffers from conventional machining teclmiques which remove material
from a piece of stock matelial to form the final shape.

New layer
of material

Previously
deposited
material

Figure 9, J5 Rapid proloryping pari creal/on.
Rapid prot{)typillg sySlems creOle pariS by adding material in thin layers in the x-y ploJJe If) form the final
shnpe. Once one layer is completed the model is lowered and creation of the next layer begins.

As rapid protolyping systems build models in layers, each new layer must have a solid
layer of material below it to support the new material as it is added. For models with
unsupponed features, supports are created, as shown in Figure 9.16. These suppons are
then removed from the model after the building process has been completed.
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9.4.1

Stereo-Lithography

Stereo-lithography is often referred to as SLA and is the most widely known and used
rapid prototyping system for medical prototyping purposes.

This layered manufacturing method utilizes a photo-curable liquid resin in combination
with an ultraviolet laser. The resin sits underneath the laser in a vat and the laser traces
over the top of liquid in the x-y plane. When the ultraviolet laser beam hits the resin it
hardens a small layer of resin at that point. By controlling the areas the ultraviolet beam
traverses over, specific areas of the resin surface can be solidified. Once each layer of
material has been solidified the part is lowered a small amount and a new layer of resin
is spread over the top surface. The process is then repeated until the entire part has been
formed.

Once completed, the part is removed from the resin vat and cleaned to remove any
remaining uncured resin.

Any support material is removed and the part is then post-

cured in an ultraviolet light chamber for several hours.

Figure 9.17 shows a stereo-

lithography model of a maxilla and mandible.

Figure 9,17 Stereo-lithography model ofa maxilla and mandible.
/Source: hllp://www.prolomed.net/conlent/productsiSLA.hlml]
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Stereo-lithography offers a high level of accuracy and resolution. The finished parts
also have a smooth surface that requires very little finishing. However, these models
have several disadvantages including being brittle, expensive and slow to produce.
Some of the resins used are also hydro scopic which means that the parts are susceptible
to absorbing moisture from the atmosphere. Moisture absorption can result in distortion
and dimensional instability of the models. In addition to this, if the models are handled
for extended periods of time, moisture from the hands can cause stereo-lithography
models to feel greasy.
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The key advantages of the three dimensional printing system are the high build speed
and low capital and consumable costs. Another advantage of this system is that the
non-solidified powder remains around the model supporting any overhanging features,
hence there is no need to add addition support material.

Table 9.1 shows a comparison of the three rapid prototyping systems considered.

9.4.4

Summary of Rapid Prototyping Formats

Relative Comparisons (Best (5) - Worst (1)
Process

Maximum
Resolution
x-v (mm)

Layer
Thickness
(mm)

Post
Build
Finishing

Mechanical
Strength

Untreated
Surface
Finish

Dimensional
Stability

Cost

Build
Time

StereoLithography

±0.125

0.05

Photo
Curable
Resin

·5

5

3

5

1

1

1

Fusion
Deposition
Modelling

±0.25

0.125

ABS
Plastic

3

1

5

2

5

3

3

Three
Dimensional
Printing

±0.2

0.10/0.17

Plaster /
Starch

1

2

2

2

2

5

5

Clean
Material
Required

Table 9.1 Comparison of three rapid prototyping formats.
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9.4.5

Selection of a Rapid Prototyping Format

Partly as a result of this research, rapid prototyped CT scan reconstructions, or
BioModels, are being offered to Australasian surgeons and medical consultants, by a
local company Enztec Limited.

These BioModels are generally used for orthopaedic pre-operative planning purposes
and allow surgeons to clearly visualise the affected area, plan the patient's treatment and
check the placement of implants and fixation devices. The models must therefore be
robust enough to be able to accommodate regular handling and standard medical
practices, such as cutting, drilling and the addition of screws.

BioModels are also being used for the development of custom implants. This requires
the models to be robust enough to withstand cutting and drilling in a workshop
environment. The BioModels are also used on occasion as forming dollies, press tools
and welding fixtures too.

Therefore, for the purposes of the Australasian BioModelling market, fusion deposition
modelling was considered to be the most appropriate rapid prototyping format.
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9.5 BioModelling Ordering Process
For the BioModelling service to be effective and efficient, procedures were developed
which allow surgeons and Enztec Limited to accurately communicate with each other.

The current procedure for ordering a BioModel is as follows:
1. The surgeon is provided with a pad of CT Data Archive Request forms and CT
Scanning Protocols.
2. Surgeon decides a BioModel is required.
3. Surgeon completes standard radiology CT scanning forms and a CT Data
Archive Request.
4. Both ofthese forms are sent to the surgeon's preferred Radiology Department.
5. If necessary, the radiology department consults with Enztec Limited to clarify
the CT scanning requirements.
6. The patient is scanned and the CT data archived.
7. The archived data is sent to Enztec Limited.
8. The data is reconstructed and Area ofInterest Diagrams are generated.
9. The Area of Interest Diagrams are then sent to the surgeon.
10. Using horizontal and vertical lines the surgeon isolates the area(s) they wish to
have BioModelled on the diagrams.

The surgeon also indicates whether a

quotation is required.
11. The completed Area of Interest Diagrams are returned to Enztec Limited.
12. A quote is supplied if required and if accepted the surgeon provides billing
details.
13. The data required is then isolated, as per the indication diagrams, and the
BioModel grown.
14. The BioModel is then inspected and dispatched to the surgeon.
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Typically BioModels are delivered to surgeons within 5 working days of Enztec
Limited receiving confinnation of the order and the billing details. The maxilla and
mandible shown in Figure 9.18 were grown using the process detailed above. At the
time of this report the maxilla BioModel cost NZ$550 and the mandible cost NZS600.
The cost of BioModels does vary though depending on the physical size of the patient,
as the cost of the model is directly related to the bui Id time and volume of ABS plastic
used.

A sample CT Data Archive Request fonn is shown in Figure 9.20. Figure 9.21 shows a
partial set of Area of Interest Diagrams for a mandible BioModel.
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Figure 9.20 CT Dala Archive Requesr/oml
Shown with n rypical description oj the BioModelgeometry required, as given by the surgeon.
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CT Scan Reconstruction
Area of Interest Indication Diagrams
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Enz[ec Ref
. Project lnitiacor

The checked views are present on the accompanying pages.
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View ofPatienLS Right
Vie\v ofPacient.;;; Posterior
Pictorial View ofPaticnts Right :~Lnterior
Pictorial Vicw ofPmknt:'i Right Posterior

D
D

Please indicate using horizontal and verricallines only. the area(s) of interest for use as a
Biomodel.
\Vhere necessary use a "Tinen explanation in the comments space provided.
Example On!v:

View of Patients Anterior
(example only)

Your comments:

Mandible and TMJ only please

Maxilla not required.

\'iew ofPaticms Right

(a)

(b)

Figure 9.21 Area ofInterest Diagrams supplied to the surgeon.
(a) Cover sheet with patient identification summary, description of views attached and mark up instructions.
(b) Typical image of reconstructed data, the surgeon marks the area required using horizontal and vertical lines, multiple images are normally provided for clarity.

261

9.6 Machined BioModels
9.6.1

Problem statement

In some cases it is necessary to produce metallic BioModels for in-vivo use. To acrueve
this NC machine code and/or CAD compatible files must be produced from the
reconstructed slice data. All the CT data reconstruction software packages investigated
were capable of exporting STL files and in the case of Mimics, contour files could also
be exported in an IGES format.

Each of these output fonnats presents its own problems when creating data for CAD or
NC machining purposes.

Several different software solutions were investigated to

overcome these issues.

9.6.1.1

STL Fi les

The STL file format was developed for the rapid prototyping industry and describes the
surfaces of three-dimensional models using triangular facets.

Figure 9.22 shows a

simple model wruch has been exported as an STL file. Each surface is broken down
into a number of triangular facets.

The size of the facets decreases wherever small

features or large changes in surface curvature occur.

Figure 9.22 Simple CAD ge.neraled model exported in STLjormat.

! Source: hllp://rpdrc. ic. polyu. edLL hkloldJile s/stl_inlrod/lct ion. 111mJ
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Some software for generating NC code allows STL files to be directly imported.
However, as each facet has to be individually toolpathed, directly NC machining parts
from STL files would be a time consuming and difficult task.

Furthermore, as BioMode1s typically contain very complex, fine features, the resulting
STL files typically contain millions of facets and have a large file size. This large
volume of data makes these files very difficult to visualise, manipulate or toolpath.
Hence additional processing of these files is required if they are to be used for NC
machining purposes.
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9.6.1.2

IGES Contour Files

Mimics is able to export IGES contours of the reconstructed anatomy. The spacing of
these contours can be adjusted as required. Figure 9.23 shows an example of the JGES
contours produced for a reconstructed femoral head. IGES contours can be imported
into most CAD packages and, theoretically, could be used to create lofted surfaces
which could then be toolpathed.

Figure 9.23 IGES contour file ofa reconslmCled femoral head

However, it was found that the JGES contours exported consisted of many small
segments and the end points of the contours did not line up.

This resulted in the

contours either failing to loft, or alternatively the lofted sections produced were twisted
and distorted.

One solution was to rebuild the contours in a CAD package so they had the same
number of points and the endpoints were aligned. This process was found to produce
marginal results, an example of which is shown in Figure 9.24.

Figure 9.24 Lofted model of a parlial femoral head developed from IGES curves.
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It was found that recreating the profiles still resulted in some distortion of the geometry
and there were curvature discontinuities at each contour.
construct transition areas using this process.

It was also difficult to

For example it was not possible to

accurately loft the transition area between the femoral head and the peak of the greater
trochanter, as shown in Figure 9.25. The process of rebuilding the contours was also
very time consuming . The geometry shown in Figure 9 .24 took approximately 15 man
hours to construct.

11 was therefore decided that lofting exported JGES contours was not an acceptable way
to produce accul(lte CAD models of reconstructed CT data .

Head of Femur~ \:'
Transition Area .~
Greater trochanter

---t.".:.:'

Femur--.......p.....

Figure 9.25 Anterior view (lfthe right femur and pelvis.
/Source: Moore K L) 1
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9.6.1.3

Rhinoceros®

Rhinoceros®, otherwise known as Rhino, is a NURBS based modelling package
primarily used for modelling freefonn shapes.

NURBS stands for Non-Unifonn

Rational B-Spline and is a mathematical way of defining curves, surfaces, and solids.

Although Rhino primarily works with NURBS objects it does have some tools for
manipulating triangular meshes. Specifically, STL files can be converted into NURBS
based models. These resulting NURBS models can then be imported into most CAD
packages.

This process was found to be computationally intensive, with only small models being
able to be converted to NURBS geometry. The reconstructed hip shown in Figure 9.26
took in excess of 3 hours to open, convert to a NURBS based file and import into a
CAD package.

Figure 9.26 Hip geometry produced in Rhinoceros® from an imported STLjile.

The NURBS files imported into CAD packages were also faceted as per the original
STL files. Therefore generating and exporting NURBS models offers few advantages
over direcl.ly importing STL files into NC toolpathing software.
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Using the imported NURBS geometry as a template, additional modelling could be
completed in a CAD package to recreate critical features. However, as detailed in
Section 9.6.1.2 this reconstruction process was found to be a time consuming and
difficult task.

Recently several CAD packages have introduced the ability to directly import STL files.
The resulting CAD models are still faceted as found using the Rhinoceros®
methodology, however this direct importation ability does eliminate the need for
Rhino cero s®.
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9.6.1.4

Reverse Engineering Software

Several reverse engineering software packages are currently commercial available.
These software packages use sophisticated algorithms to manipulate surface data and
output it in a variety of different formats.

These software packages can typically import point cloud data, volume meshes and
polygonal meshes, such as STL files. The raw data can then processed using a number
of tools to create watertight smooth polygonal models.

Of the software packages available, Raindrop Geomagic® Studio was selected for
extensive testing.

A typical Geomagic Studio workflow is detailed below.

Note:

Figures 9.27 - 9.29 where created using a tutorial data set which was included with the
Raindrop Geomagic® Studio software.

The first step is to import the raw data. In Figure 9.27(a) a point cloud is shown, but an
STL file can be used instead. Noisy data can be improved and sampling algorithms
used to reduce the data set.

Reducing the data set allows polygon surfaces to be

generated faster and a higher quality polygonal surface may also result.

The data

chosen for removal is selected based on curvature with more data retained in areas of
high curvature while point data is removed from flat, less detailed areas. For example
multiple data points in the middle of large flat surfaces make no contribution to the
accuracy or definition of the model and hence can be removed. However, if required
the data filtering and reduction steps can be skipped and the full data set used to
construct the model. Figure 9.27(b) shows the model after filtering and data reduction,
the facetted appearance of the model does not reflect the final shape of the model.
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(b)

(a)

Figure 9.27 DaJa input and pre-processing.
(a) Raw data input.
(b) Filtering and data point reduction.

After pre-processing of the raw data, construction of the polygonal model can begin.
The Geomagic software uses a series of geometric rules to create polygonal surfaces
over the surface of the raw data.
topology errors occur.

Tltis process is automated, however, sometimes

For example, some regions of the model may be filled that

should not be, or holes may be created which require filling.

These repairs can be

completed using smoothing algorithms, triangle deletion and hole filling tools.
Automatic feature detection and sharpening can also be canied out at this stage to
ensure hard edges and corners are retained. Figure 9.28(a) shows the model after the
polygonal surfaces have been created and any topology errors have been repaired.

(a)

(b)

Figure 9.28 Surface generation and patch manipulalion.
(a) Wrapped NURBS surface, with topology errors repaired.
(b) Final layout of the NURBS patches after manipulation of the patch bourJdaries and positions.
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Once polygonal surfaces have been created they can be broken down into smaller
patches; and a NURBS surface is fitted to each patch. The key to producing a sound
NURBS model is good patch structure. The ideal structure is:
Regular: Each patch should be approximately rectangular with four vertices

meeting at the same point.
Shape Appropriate: There should be no severe or multiple curvature changes in

the centre of the patch.
Economy: The model should ideally contain a minimum of patches.

The Geomagic software has automatic construction tools which aim to achieve these
NURBS patch goals. After the initial creation of the patches, manual editing tools can
be used to improve the structure and position of patch boundaries, as required. The
fmal patch boundaries for the previous example are shown in Figure 9.28(b).

Once suitable patches have been created the NURBS model can be exported in a variety
of formats and then import directly and cleanly into most CAD packages. Figure 9.29
shows a completed CAD compatible model.

Figure 9.29 Pinal NURBS model.

This process was found to be effective for converting 3d models of reconstructed CT
scan data into CAD and toolpathing compatible models.
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The key disadvantage of this approach is the cost.

Geomagic Studio has all the

functionality required but cost NZ$15,000 at the time of investigation. However, other
methods investigated for converting reconstructed CT data into CAD and toolpathing
compatible files were found to be inaccurate and inefficient.

It is therefore

recommended that a software package such as Raindrop Geomagic® Studio should be
used to convert STL files into CAD and toolpathing compatible fonns.
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9.7 Case Study
After research into rapid prototyped and CAD compatible BioModels had been
completed, a request was received to develop an implant for a patient who required their
right hand cheek and orbital socket boney structures to be replaced.

9.7.1

Case History

The patient had previously had a radical maxillectomy and orbital exenteration for a
right maxillary squamous cell carcinoma. Or simply put, had an operation to remove a
large tumour which included some of the bones which form the cheek bone and eye
socket. As a result of this surgery the patient required an implant to replace their right
zygoma and maxilla. Figure 9.30 shows the position and general form of these boney
structures.

!

",,1

1',.. · ...

1

Figure 9.30 Left zygomatic bone and maxilla in·situ.
[Source: Gray H, AJUltomy of the Human Body. Figure 1642J

CT scans of the patient's skull were taken with a slice spacing of 1rom and the resulting
data was reconstructed. A rendering of the reconstructed data is shown in Figure 9.31.

Figure 9.31 Rendering of Ihe reconstructed CT data.
The missing zygol?UJtic and IJUlXilIa bOlley struClures on the right /wild side can be clearly seen.
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The reconstructed data was then used to create a FDM BioModel. After consulting with
the surgeon involved with the case and reviewing the BioMode1, the decision was made
to create the bulk of the implants form by mirroring the patient's left hand side
zygomatic and maxilla structures.

9.7.2

Generation of the Implant Geometry

The reconstructed data was imported into Raindrop Geomagic® Studio. Using this
software the surface data for the left hand boney features was isolated and exported.
This data was referred to as the implant parent data.

The entire skull geometry was then simplified to remove all internal structures and noncritical features. This was done so the skull geometry could be imported into the CAD
package for implant planning and design purposes. During this simplification of the
skull data, care was taken to preserve the accuracy of the implant parent data and the
areas of the skull where the implant was to be located. The simplified skull was then
exported in a CAD compatible format. Figure 9.32 shows the simplified skull data and
the implant parent data (red).

Figure 9.32 Rendering of the implant parent data.
The implant parent data, shown in red, was copied from the underlying reconstructed CT data.
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A temporary coordinate system was created in the centre of the skull.

The implant

parent data was mirrored about the sagittal plane of this coordinate system to create the
implant template data. Figure 9.33 shows the implant template data positioned on the
reconstructed and simplified skull. It was decided not to include the frontal process of
the maxilla, which forms part of the nasal structure in the implant parent data. The
specification called for this structure to be manually fonned once the bulk of the implant
had been created.

Flgllre 9.33 Rel/deril/g olthe imp/ullt temp/me data.
The implant pnreflt dow extracted from patient's left ry80lnlJlic and mnxilla boney Structures were
mirrored and positioned to creOle a temp/ate for the implalll.
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9.7.3

I m plant Man ufactu ring Processes

A prototype implant was NC machined from a billet of aluminium for evaluation
purposes. The prototype implant, shown in Figure 9.34(a), was found to have a good
overall fonn but the areas where it contacted the skull needed to be adjusted to increase
the size 0 f the contact patches. This poor fit was due to the fact the human body is nOl
symmetrical. Two potential methods of improving the fit at the contact points were
considered, these included:
Manually adjusting the thickness of the implant at the contact areas to reduce the
gap between the skul.l and implant surfaces.
Removing some the protruding bone at the contact points, allowing more of the
implant to be contact with the remaining reshaped bone.
It was decided that adjusting the implant to suit the patient was the best choice, however

if necessary the fit could be further improved in theatre by removing a small amount of
bone.

The final implant was manufactured from Commercial Pure Grade 2 Titanium. Due to
the cost of this material it was decided to form the bulk of the implant using press tools
rather than NC machining from billet.

A die set was produced l1sing the implant

template data and the implant was fonned from 2mm sheet. An untrimmed implant
blank is shown in Figure 9.34(b).

(a)

(b)

Figllre 9.34 Skull implant prototypes.
(a)

Ne mnchilled implallt protorype.

(b) Pressed imp/all I protorype prior to trimming operatiolls.
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The implant blank was then trimmed to the required shape and some minor manual
curvature adjustments were made. The areas of the implant which contacted the patient
skull were then manually reduced in thickness to approximately Imm. This had two
benefits:
It allowed the contact between the skull and implant to be improved, as
previously detailed.
It allowed the implant thickness to be reduced at the attachment points meaning
that the implant did not sit as proud of the skull surface as it would have
othetwise.
The finished implant was polished and anodised. Anodising the implant offered several
benefits. It improves the visual appeal of the implant and it hardens the implant surface.
The hardened implant surface does not wear as readily as raw titanium. This reduction
in implant wear and the associated reduction in wear debris volume helps prevent

staining of the surrounding tissue and decolourisation of the skin. In this case, staining
of the skin was an important issue due to the close proximity of the implant to the skin
and the visibility of the implant site.

The implant was successfully implanted in mid 2002, using maxillofacial bone screws.
The implant site remained inflamed and required aspiration for a period of two months.
The patient also experienced some thinning of the skin in the region of the maxilla
frontal process where the nasal structure had been manually created. This thinning was
probably due to the amount of subcutaneous fat that was removed during the
implantation procedure. These complications have since been overcome and the patient
continues to make a full recovery.
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9.7.4.2

Modification of the Manufacturing Process

In order to take advantage of the modified contact surface(s) the manufacturing process
must be accurate enough to replicate the CAD model features. This is easily achieved if
the implant is NC machined from billet, as most NC machining centres are more than
capable the required tolerances. However as previously discussed, it is preferable to
press the implant from thin sheet rather than NC machining from billet due to cost
constraints.

Well designed press tooling is capable of producing the required

tolerances, however the design of such tools is a difficult and time consuming task and
prohibitive for one off items such as custom implants.

The proposed solution is a two step manufacturing process. First the implant CAD
model should be used to produce a series of press tools which form the bulk of the
implant geometry. Pressing cannot be used to form small and critical features, such as
the contact areas, as spring-back reduces the accuracy of final part. Instead critical
areas of the implant geometry should be NC machined into the pressed implant blank
once all the pressing procedures have been completed. This second step allows surfaces
that need to be accurately formed, such as the contact surfaces, to be produced
efficiently and economically.

This technique is only suitable for applications where implants with non-uniform
thickness are acceptable. However, for cosmetic, non-structural implants, such as the
zygomatic and maxilla implant, non-uniformity is a desirable feature as it allows the
implant to sit flush with the surrounding bone.
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9.8 Summary and Conclusion
Several software packages for manipulating and reconstructing medical scan data where
investigated during this component of the project. These packages allow 3d graphical
models to be developed from planar medical scan data for visualisation purposes. The
software packages investigated offered varying levels of functionality and complexity.

The reconstructed 3d models can be exported in a rapid proto typing compatible format
allowing plastic models of the required geometry to be produced. Procedures were also
developed and implemented to facilitate the timely release of raw scan data with
appropriate patient consent, for modelling purposes.

The final component of this research was to develop methods of producing metallic
models of reconstructed data for in-vivo applications. Several potential solutions were
investigated, however ultimately a commercial software package was determined as
being the best solution. Methods of manipulating the scan data were also developed
which allow accurate mating of metallic models and the patient anatomy.

The reconstruction processes and BioModelling techniques detailed in this chapter have
been offered to Australasian medical professionals as a service. Currently this facility is
being well utilised and has been well accepted by the orthopaedic, maxillofacial and
plastic surgery communities. The bulk of requests are for FDM BioModels, however
the number requests for custom implants for in-vivo use continues to increase.
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Chapter 10 - Femoral Endoprosthesis
10.1

Problem Statement

A request was received to design a femoral endoprosthesis for a patient who had the
brittle bone disease, Osteogenesis Imperfecta.

10.2

Case History

The 46-year-old male patient had suffered multiple long bone fractures throughout his
life and presented with significant orthopaedic problems. His right femur had a Bent
Kuntscher nail (Figure 10.1 a). He had long multi-holed plates on both tibia and stress
fractures at the lower end of each tibia. However, the most pressing problem was the
patient's left femur.

The left femur had previously been fitted with a tri-fin nail plate (Figure 10.lb) at the
proximal end and a condylar screw plate (Figure 1O.lc) intended for adolescents at the
inferior end.

There was a non-union in the middle, and multiple broken screws

throughout the shaft of the femur. An x-ray of the patient's femur is shown in Figure
10.2.

(a)

(b)

(c)

Figure 10.1 Examples of existing fIXation devices.
(a) Bent Kuntscher nail. [Source: http://narang.comlnails.html].
(b) Tri-fin nail plate.
(c) Condylar screw plate. [Source: hllp:/ltristan.membrane.com/aona/tech/ortholdhsldhs0005.html]
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Figure 10.1 X-ray a/the patient's lejtjemur.

The patient had undergone six previous operations to rectify various fractures of the left
femur. The remaini1ng bone was small in diameter and sd erotic. The patient's left limb
was also shorter and there was a significant varus mal-alignment due to the previous
fractures. However, the patient's hip and knee joints were in good condition and it was
specified that these joints should not be compromised during the treatment of the
patient.
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One reason the existing implants had failed was because they were designed for load
sharing applications. That is, these devices were not designed to support the patient's
full weight.

Instead the existing implants would be intended to provide some

reinforcement while the adjacent bone carried the majority of the loads. However, in
this case the femoral bone stock did not have sufficient strength to carry the requisite
percentage of the applied loads. There were also non-union areas where the implants
were required to carry all of the applied loads.

Two treatment options for the patient's left femur were considered:
Patch up the femur with bone graft material and add more fixation plates and
wires to the non-union site.
Remove all the existing implants and insert an endoprosthesis which
incorporated the patient's healthy hip and knee joints. Such an endoprosthesis
would be required to carry all applied loads and not require the bone to heal.
Ultimately the surgeon involved in the case elected to use a femoral endoprosthesis.
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10.3

literature Review

A literature search was conducted to determine if any suitable femoral endoprostheses
had already been developed. Four different endoprosthesis systems were identified.

10.3.1

Nerubay and Kat:znelsol1 Total Femoral Replacement

Between 1973 and 1983, 19 patients were fitted with a total femoral prosthesis after
treatment of sarcoma of the femurs. This prosthesis consisted of a Thompson femoral
head with a long stem which was inserted into the tibia. This procedure required the
knee joint to be removed and left the patient with a straight leg. To compensate for this
loss of knee motion the affected leg was shortened 1cm in some cases to accommodate
free swinging of the limb while walking. Five of the patients treated had excellent
results and nine had good functional results. Complications included infection of the
implant site and fracture of the implant. The implant fractures occurred in the stem
where the implant meet the tibia. It is noted that this implant was an improvement on
amputation, the only other surgical option at the time.

10.3.2 Marcove et al Total Femur and Knee Replacement
In 1976 Marcove et al 3 reported a total femur and knee replacement. This implant was
reported as being made entirely of metal. It consisted of a femoral head and hinged
knee implant which were connected by a rigid shaft, as shown in Figure 10.3. The
device was implanted in 19 patients with an average age of 20.3 years. The patients
were followed for 3 to 29 months. Thirteen of the patients had functional results, with
nine patients able to climb stairs one at a time while using aids such as crutches. The
affected limbs were reported as being weak, but functional. Patients were able to walk
without support, but their gait was found to be better with a cane and/or an ischial
weight bearing brace.

Complications included infection and local reoccurrence of

sarcomas requiring disarticulation of the hip.
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Figure 10.3 Marcove et al totalfemur and knee replacement.
[Source: Marcove et al3J

10.3.3 Steinbrink et al Total Femoral Prosthesis
Several different variants of the Steinbrink et al 6 Total Femoral Prosthesis were
produced, all of which utilised hinged knee and total hip prostheses. In the first version
of the prosthesis the hip and knee devices were cemented into a polyethylene shaft, as
shown in Figure lO.4(a).

This design was versatile and economic to produce, but

suffered from a lack of rigidity and fatigue fractures. Also in order to withstand the
stresses the polyethylene component had to be bulky, which made closure of the wound
difficult in some cases.

A titanium version of the implant was developed, which allowed the prosthesis to
withstand higher loads while reducing the bulk of the implant, this version of the
implant is shown in Figure lO.4(b). However, a ceramic femoral head was necessary
due to the poor wear characteristics of the selected titanium alloy.
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The final verSIOn of this implant was manufactured from a Chrome-CobaltMolybdenum alloy and was called the Durchsteck prosthesis it is shown in Figure
10.4(c). This implant incorporated a removable distal end which allowed the implant to
be pushed through the reamed out lower end of the femur. This arrangement allowed
the femoral muscle and ligament attachments to be preserved.

Between 1973 and 1980, 32 total femoral replacements were undertaken using the
Durchsteck prosthesis. Eleven patients experienced post-surgery infection, but after
treatment there was no reoccurrence of infection. Twelve patients could walk for half
an hour or more. Most patients had satisfactory hip movement, but the knee range of
motion was restricted when compared to a standard knee implant.

Three patients

required revision due to implant fracture or infection, but none required disarticulation.

(c)

Figure 10.4 Steinbrink et al total femoral prostheses.
(a) Polyethylene prosthesis.
(b) Titanium prosthesis with ceramic head.
(c) Durchsteck prosthesis with ceramic head.
[Source: Steinbrink et al6J
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10.3.4

Kotz Modular Femur and Tibia Reconstruction System

The Kotz Modular Femur and Tibia Reconstruction System (KMFTR), IS a
commercially available 26 piece modular system for reconstructing the lower extremity
bones from the femoral head to the distal third of the tibia l ,2. The implant is made of
cast Chrome-Cobalt-Molybdenum alloy, known as Vitallium.

Figure 10.5 shows

exploded and assembled views of the Kotz Distal Femoral Modular Endoprosthesis.

Between 1982 and 1989, 100 lower limb reconstructions were completed USIng the
KMFTR system after resection of malignant tumours. The overall survival rate of the
prostheses was 85% after 3 years, 79% after 5 years, and 71 % after 10 years. The most
common reason for implant failure was aseptic loosening.

The other reasons for

revision surgery were implant fracture and infection. Early repair of minor prostheses
related complications, such as worn polyethylene bushings, resulted in a significant
reduction in implant failures. 4
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Figure 10.5 Kotz distalfemoral modular endoprosthesis.
(a) Exploded view of the endoprosthesis components.
(b) Composite plwtograph of assembled endoprosthesis.
[Source: Mala we? }
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10.4

Proposed Solution

None of the implant systems identified

In

the literature search were considered

appropriate, as they all required the hip and/or knee joints to be resected, contrary to the
requirements for this patient. Therefore, the decision was made to design a new femoral
endoprosthesis.

Discussions were held with the surgeon involved with the case, to refine the form and
design of various endoprosthesis components. The surgeon requested an endoprosthesis
that had a screw or nail device for the hip connection and a condylar screw for the knee
connection. A tee cross-section was specified to bridge between the knee and the hip
joints. It was also specified that the web of the tee cross section should be able to be
inserted into a slot cut in the remaining femoral bone stock, as shown in Figure 10.6.

Figure j O. 6 Tee section positioned in femur.

The endoprosthesis was required to withstand all physiological loads. It was noted that
the endoprosthesis was unlikely to experience large dynamic loads due to the patient's
other ailments limiting strenuous activities. The patient weighted 85 kg, therefore when
standing still and supporting the patient's full weight the endoprosthesis would be
required to support an applied load of approximately 1000 N. Ultimately a design load
of2000 N was selected to allow for small dynamic loading effects.
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Initial design concepts for the hip connection used a tri-fin nail similar to the one
already implanted. Ideally, by using a tri-fin nail the trauma to the femoral head could
be reduced by re-using the cavity created by the existing implant. However, analysis of
tri-fin nails indicated that the fins may buckle under the applied load. Although tri-fin
nail implants are designed to be used for such hip connections, they are, as previously
discussed, intended for load sharing applications. Therefore the decision was made to
develop a custom screw for the hip connection.

The endoprosthesis assembly order was required to be flexible so the surgeon could
implant components in any order as circumstances dictated in theatre.

The main

development focus was therefore on the design of connections between the screw
devices and implant body.

Appendix 10 shows some of the concept sketches generated during the development of
the final endoprosthesis design.
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10.5

Endoprosthesis Geometry

The majority of the endoprosthesis fonn was detennined by the patient's morphology.
The procedure used to detennine the key implant dimensions is detailed below.

Ideally, the endoprosthesis dimensions could be detennined using the BioModelling
techniques detailed in Chapter 9. However, this was not possible as the large number of
pre-existing implants in the patient's femur would result in any CT scans having a large
number of artefacts, such as flares.

Endoprosthesis dimensions were therefore

detennined by directly measuring from the parallax corrected x-ray shown in Figure
lO.7(a).

(b)

(a)

Figure 10.7 Geometry extracted from x-ray.
(a) Original x-ray image.
(b) X-ray image and key axes.
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Several key axes were identified from the x-ray as shown in Figure 1O.7(b). First the
current screw and nail axes, shown in red, were identified. These axes were connected
together by a line, shown in yellow, which met the axes at the outer cortex of the bone.
Finally the length of the femur was determined by constructing a line between the
highest point of the femoral head and the valley between the two condyles of the knee,
as shown in green.

Figure 1O.8(b) shows the data extracted, from which several key observations were
made. The patients left femur was found to be 10mm shorter than the right hand side.
The angles measured between the screw axes and reference lines were also found to be
abnormal. The decision was made to correct these deformities, as shown in Figure
1O.8(c). The femur length reference line was made vertical and the length increased by
IOmm. The hip angle was also increased from 135 degrees to a more standard 150
degrees and the knee angle was also adjusted slightly. The modification of the hip and
knee angles also helped to improve the varus mal-alignment problem. The hip axis was
also rotated anteriorly 15 degrees as shown in Figure 1O.8(a) to replicate healthy hip
geometry.

The green curve shown in Figure 1O.8(c) represents the desired

bone/endoprosthesis interface.
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Figure 10.8 Endoprosthesis geometry.
(a) Key axes as measured from X-rays.
(b) Corrected geometry.
(c) Anterior rotation of the hip axis.
(d) Endoprosthesis geometry and boundaries.

Once the key geometry had been defined, guide curves were created to defme the screw
and tee cross-section boundaries, as shown in Figure 1O.S(d).
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10.6

Final Solution

The final endoprosthesis design consisted of 6 unique parts as illustrated in Figure 10.9.

Hip Screw

/

V
\.

.....

Locking Plug
Nylon Stopper
Locking Screw

Body

......

Figure JO. 9 Assembled & exploded views of the femoral endoprosthesis.

Details of each component and the assembly order of the endoprosthesis follow.

10.6.1

Endoprosthesis Body

The body component forms the bulk of the endoprosthesis and is used to locate the hip
and knee screws. It has a tee cross-section and is manufactured from Ti-6AI-4V. The
overall dimensions of the body are 254.5 x 57.25 x 31.5 mm (h x w x d).

The hip and knee bosses have an outside diameter of 17.5 nun. To reduce the volume
of bone that must be removed from the femoral head, two flats were machined into the
anterior and posterior faces of the hip boss. These cuts are 14 nun long and reduce the
width of the hip boss to 16 mm.
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Surfaces which may be in contact with any remaining femoral bone stock were
carborundum blasted to aid bone ingrowth and adhesion.

The outer surfaces of the

endoprosthesis which are placed in tension when the implant is loaded were polished.
Figure] 0.] 0 shows a rendering of the endoprosthesis body.

Figure 10.10 Endoproslhesis body.
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10.6.2

Hip and Knee Screws

The hip and knee screws shown in Figure 10.11 are 12.5 mm in diameter and are
130 mrn and 70 mrn long respectively. Both screws have a 3 mrn pitch buttress thread
for screwing into the femoral bone stock.

The ends of both screws have 6 castellations and a

~"

UNF x 12.5 rum long thread.

The primary purpose of the castellations is to engage with the locking plugs and prevent
the screws from rotating in-vivo. The castell at ions also provide driving surfaces which
can be used during the implantation procedure. The W' UNF thread, in conjunction
with the locking screws, tie the assembled endoprosthesis together and also keep the hip
and knee screws engaged with the implantation tooling.

The hip and knee screws were produced from Ti-6Al-4V bar stock on an NC lathe and
machining centre. The thread forms were then hand polished to remove any machining
marks.

1/4" UNF Thread

Figure 10. J J Hip and knee screws.
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10.6.3

Locking Plugs and Nylon Stoppers

The locking plugs are screwed into the endoprosthesis body once the hip and knee
screws have been fitted.

Both locking plugs were identical and had a M14.5 x 1

threaded exterior and are 9.7 mm long.

They were manufactured from Ti-6AI-4V.

There is also a 02.5 x 3 mm deep hole in the side of the locking plugs for a nylon
stopper.

This nylon stopper deforms as the locking plug is screwed into the

endoprosthesis body.

Once sufficient deformation of the nylon stopper occurs, the

locking plug thread binds preventing them from unscrewing in-vivo.

One end of the locking plugs has male castellations which engage with the hip and knee
screws.

As previously described these castellations help prevent the hip and knee

screws from rotating relatively to the locking plugs and endoprosthesis body in-vivo.

The other end of the locking plug has a slot which is used to drive the locking plug into
position.

Figure 10.12 Locking plug.

10.6.4

Locking Screws

The locking screws were 1;.1" UNF x 20 mm long.

They were manufactured from

commercially available Ti-6AI-4V bolts. The bolt head was reduced in thickness and
all comers were rounded to create a smooth profile.

Detailed engineering drawings of each part can be found in Appendix 11.
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10.6.5 Assembly Sequence
The assembly order of the femoral endoprosthesis was flexible allowing the surgeon to
assemble the components in different sequences. The hip and knee screws can be
inserted through the endoprosthesis body. This allowed the surgeon to position the
endoprosthesis body and then use the screw holes in the endoprosthesis body as guides
when drilling and inserting the hip and knee screws. Alternatively the surgeon could fit
one of the screws, followed by the endoprosthesis body and the other screw.
Once the endoprosthesis body and screws are in place, locking plugs can be screwed
into the body. These locking plugs were fitted with nylon stoppers to prevent them
unscrewing in-vivo. Once the locking plugs are in place and their castellations are
engaged with the hip or knee screw castellations, locking screws can be used to tie the
whole assembly together.
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10.7

Analysis

The endoprosthesis design was analysed using first principles and CosmosWorks.
CosmosWorks is a Finite Element Analysis (FEA) package which runs embedded
within the SolidWorks modelling environment.

One of the key advantages of

CosmosWorks is that any changes made to the CAD model are automatically made to
the FEA model as well.

This allowed different endoprosthesis designs and cross

sections to be quickly evaluated.

To simplify the FEA analysis and reduce the computation time the hip and knee screws
were simplified. The castellations, 1,4" UNF holes and thread at the ends of the screws
were all removed, as shown in Figure 10.13. The locking plugs, nylon stoppers and
locking bolts were also removed from the FEA study and were replicated with boundary
conditions.

Figure 10.13 Knee screw simplified for FEA purposes.

Contact elements were used between the endoprosthesis body and the modified screws.
Loads of 2000 Nand 2500 N were then applied to the assembly.

2000 N was the

specified design load, however an overload case of2500 N was also considered.
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Figure 10.14 shows deflection and stress plots for the endoprosthesis during the
application of a 2500 N load. The resultant deflection of the endoprosthesis assembly
was 2.3 mm and the Von-Mises stress was found to be approximately 510 MPa. The
yield strength of Ti-6AI-4V is 870 MPa.

These results were considered to be

acceptable. The hip and knee screw were the most highly stressed components. The
diameter of the screws could be increased to reduce the magnitude of the deflections,
however this was considered to be unnecessary and undesirable, as it would also require
additional bone to be removed from the hip and knee joints.
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Figure 10.14 FEA deflection and stress plots.

(a) Stress plot slwwing a maximum Von-Mises stress of 510 MPa with an applied load of 2500 N.
(b) Deflection plot slwwing a peak deflection of2.3 mm during the application of a 2500 N load.
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Due to the tight timeframe of this project, once design of the endoprosthesis was
finalised and all the components were manufactured there was insufficient time for
mechanical testing.

As part of the design and verification process a second

endoprosthesis was to have been manufactured for testing purposes. However due to
budgetary and resource limitations this was not completed until 12 months after the
implantation of the first device, after which time the second device was used primarily
for marketing purposes.

10.8

Instrumentation

Instrumentation was manufactured to aid in the implantation of the endoprosthesis.
Figure 10.15 shows an introducer which was used during the insertion of the hip and
knee screws. This instrument had a castellated end which engaged with the hip and
knee screw castellations. The instrument also featured a y,;" UNF threaded rod which
was used to ensure that the hip and knee screws remained firmly engaged with the
introducer castellations during the implantation procedure.

Figure J0.15 Hip and knee screw introducer.
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Figure 10.16 shows the finished endoprosthesis in an assembled and disassembled state.

(a)

(b)

Figure 10.16 Femur endoprosthesis photos.
(a) Assembled femoral endoprvsthesis.
(b) Femoral endoprosthesis components (the nylon stoppers are not shown).
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10.9

Surgical Outcome

In November 1999 the patient underwent surgery to implant the femoral endoprosthesis.
The most difficult part of the procedure was the removal of the existing implants as the
bone stock was firmly adhered to the broken screws and tri-fin nail.

A slot was cut in the remaining femoral bone stock to accommodate the web of the
endoprosthesis body. This was a laborious process as the outer cortical bone was hard
and the burrs used proved to be inefficient. However, insertion of the endoprosthesis
body was a simple matter once the slot had been produced.

During the insertion of the hip screw there was concern that if the screw was advanced
to the full depth the femoral head may fracture, as shown in Figure 10.l7(a). As a result
the decision was made to leave the hip screw only partial inserted and not fit the locking
plug for the hip screw.

This was an acceptable solution, as if the hip screw slides

axially as shown by the red arrow in Figure ] 0.17(b) the load is carried by the
remaining bone stock and the body of the endoprosthesis, as illustrated by the green
arrows.

(a)

(b)

Figure 10.17 Hip screw length issue and in-theatre solution.
(a) Inserting the hip screw to full depth nUly have resulted in the femoral head fracturing.
(b) As a result the locking plug was left out and the endoprosthesis body carries the load (green arrows).
Note: The length of exposed screw is exaggerated for illustration purposes.
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The knee screw was inserted without any complications and the wound was closed in a
standard fashion. The patient reported the next day that his leg felt as if was "solid"
again. Within two weeks of the surgery the patient was fully weight bearing through
the implant. The patient has had no evidence of infection and continues to improve.

10.10 Potential Improvements
Several areas that could be improved were identified during the post implantation
review of the femoral endoprosthesis.
10.10.1 Hip and Knee Screw length
During the design of the hip and knee screws the overall length was determined from
the x-ray shown in Figure 1O.7(b). Care was taken to ensure the length of the screws
was correct. However, due to complications during the implantation procedure the hip
screw was found to be too long, as discussed in Section 10.9. This complication could
be overcome in future by supplying the surgeon with several screws of varying lengths.
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10.10.2 Hip and Knee Screw Castell at ions
The hip and knee screws and the locking plugs had castellations on their mating
surfaces to prevent them from rotating in-vivo. The original design, shown in Figure
10.18(a), only allowed the screw castellations to engage in six orientations.

This

resulted in the surgeon having to either loosen or over-tighten the screws and/or locking
plugs in order the engage the castellations. A more desirable solution would be to use a
larger number of small castellations, as shown in Figure 10.18(b).

(b)

(a)

Figure 10.18 Hip and knee screw castel/alion design.
(a) Original six castellation design.
(b) Improved fine castellation design.

307

10.10.3 Locking Screw Profi Ie
Locking screws were used to retain the hip and knee screws.

The original

endoprosthesis design called for button head cap screws to be used, as shown in Figure
10.19(a).

However, contrary to information originally provided by the supplier

involved, it was not possible to source these screws in the required aHoy, so machined
down standard bolts were used instead. These bolts had a head profile as shown in
Figure 10.19(b). In hindsight neither of these screw head designs are desirable due to
their raised profiles. A potential improvement would be to recess the screw heads into
the locking plugs as shown in Figure 10.19(c).

(aj

(b)

Figure 10.19 Locking screw profiles.
(a) Design locking screw.
(b) Supplied locking screw.
(c) Revised locking screw profile.

( c)
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10.10.4 Miscellaneous Improvements
Two other potential improvements were highlighted during the review of the femoral
endoprosthesis, these include:
The hip and knee screw should be reduced in diameter if possible.
When the stock material was ordered the grain direction was not specified. As a
result the material was supplied and machined with the endoprosthesis body
running across the grain instead of with the grain. Ideally the grain direction
should be along the endoprostheses long axis as shown in Figure 10.20 to
optimise the strength and deflection properties of the endoprosthesis.

Figure 10.20 Endoprosthesis body, supplied and preferable grain directions.
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10.11 Summary and Conclusion
A femoral endoprosthesis was required for a patient who suffers from Osteogenesis
Imperfecta.

The implants previously fitted to the patient's femur had failed

catastrophically. These failures were almost certainly due to the implants not being
designed to support all the loads applied to the femur.

An endoprosthesis was therefore required which was able to support all the applied
loads whilst still allowing the patient's healthy hip and knee joints to be retained.
Accordingly, an endoprosthesis with a tee cross section was designed. Connections to
the patient's hip and knee joints were made with custom bone screws.

Locking

mechanisms were included in the endoprosthesis to minimising the potential of wear
debris being generated at the screwlbody interfaces.

The endoprosthesis was also

designed to allow the surgeon to assembly the components in any order.

During the surgical procedure to implant the endoprosthesis it was found that the hip
screw was too long. This was due to the surgeon being unable to insert this screw to its
full depth without potentially damaging the femoral head. As a result this screw was
only partially inserted. A post-implantation review of the endoprosthesis found that this
would not reduce its performance; however a solution was developed to overcome this
issue in any future cases.

The patient continues to make a good recovery and is able to walk short distances
without any walking aids. However, for the majority of daily activities the patient
continues to use crutches. The primary reason is to prevent further deterioration of the
patient's other ailments such as the tibia stress fractures. After recovering from the
femoral endoprosthesis surgery, the patient has requested additional surgery to rectify
his other lower limb problems.

In summary, the novel femoral endoprosthesis designed during this project has been
successful and allowed the patient to remain mobile. The experience of designing and
manufacturing this device also helped the author to develop strong working
relationships with the surgeon and other biomedical engineers involved with this case.
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Appendix 1 - Conceptual Designs
A number of conceptual designs for the intervertebral disc implant were generated,
including the following:

- Belleville Washer
- Torsion Spring
- Side Mounted Torsion Spring
- Z-Spring
- Z-Spring Variant
- C-Spring
- Side C-Spring
- Toroidal C-Spring
- Fluid Filled Bellows
- Urethane Spiral
- Urethane Block
- Urethane Annulus
- Urethane Balls

A brief description and analysis of each concept is provided in this appendix.
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Summary:
This concept was based on a spring commonly found in clothes pegs and could be
constructed from a single length o f spring wire. A single spring of Ihis design could
be used or altcmativcly two narrower springs could be used side by side.

Pros:
Simple design.

Minimal wear debris will be generated during angular deflections, Some debris
will be generated though if the torsion coi ls rub.
- The angular stiffness can be vari ed by changing the wire diameter and spring
geometry.

Able to absorb vertical shock loads.

Cons:
Difficult to create a structure st rong enough to support compressive loads.
May be affected by in-growth of tissue.

316
,P roject: Spine

I-;D;O-a~tc'-:-:-0;-25"',""'
12'""0""3,------1

S

ide

M

0 II n t ed

S

Tors ion p ring

03 of 13

Summary:
This concept relies on the deflection of a torsion spring to provide the required

motions.

Mult iple instances of such an implant would be required around the

periphery of the intervertebral disc space.

Pros:

Simple design.
No wear debri s generated during angular deflections, unless Ihe torsion coils rub
during deflections.

Cons:
May project outside the intervertebral di sc space.
Accurate positi oning of the implants is required to ensure correct function of Ihe

implant assembly_
In order to su pport the compressive loads multiple spnngs may be required ,
however thi s will result in the angular stiffness of the implant assembly being

100

high.

Placing multiple instances of such an implant around the periphery intervertebral
disc space would be a very invasive procedure.
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Summa ry:
This concept relies on a thin beam (spring) bending to provide the required motions.

Pros:
Simple design.
No wear debris generated during deflections.
Able to support compressive loads.
Able to absorb shock loads.
Small crOSS section which will allow minimal invasive surgical procedures to be
used.

Cons :
In order to be able to withstand the compressive loads the stiffness of the spring
must be substantial, which in tum makes the angular stiffness too high.
Latera l deflections would require twisting of the spring and hence it would be very
stiff when deflected in this direction. Altemalively, two of these devices could be
used.

In such a case lateral deflections would require the z-spring to be

compressed, however in order to support the compressive loads the spring would
have to be very stiff. ll1erefore supporting compressive loads and allowing lateral
deflections are mutually exclusive.

3 1B
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Z-Spring Variant
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Fixation Ridges

Summ a ry:
This concept is a variation of the Z-Spring concept which feanlres twice as many

spring elements.

Pros :
Simple design.
No wear debris generated during deflections.
Able to support compressive loads and shock loads.

Small cross section which will allow minimal invasive surgical procedures to be
used.

Cons:
In order to be able to withstand compressive loads the stiffness of the spring must
be substantial, which in tum makes the angular stiffness too great.

TIus concept does not improve on the lateral stiffness perfonnance offered by the
previous Z-f>prine concept.
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Summary:

This concept is simjlar in design to a tuning fork.

When compressive loads are

applied to the tips of the spring they close, allowing angular deflection of the vertebral
bodies to occur.

Pros:
Simple design.

No wear debris generated during deflections.
Angular stiffness can be changed by altering the spring geometry.
Able to support compressive loads.
Small cross section which will all ow minimal invasive surgical procedures to be

used.

Cons:
Only able to be deflected angularly in one direction.

Therefore if the spine is

flexed in the opposite direction the vertebral bodies will separate from the implant
end plates.
Not able to abso rb vertical s hock load s.
In order to be able to withstand compressive loads the sti ffuess of the spring must
be substantial, which in tum makes angular stiffness too high.
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Summary:
This concept is similar to the C-Spring design however in this case angular
deflections of the vertebral bodies causes both bending and twisting in the C-Spring to

occur. Two of these devices could be used on either side of the intervertebral di sc
space to create a stable assembly.

Pros:

Simple design.

No wear debris generated during deflections.
Able to support compressive loads.

Cons:
In order to be able

10

withstand compressive loads the stiffness of the c-spring

must he substantial, which in 111m results in the angular stiffness being too high.
Lateral deflections would require the spring component to be compressed,
however in order to support the compressive loads the spring would have

very stiff.

10

be

Therefore supporting the compressive loads and allowing lateral

deflections are mutually exclusive.
May project outside the intervertebral disc space.
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Summary:
This concept is also similar to the C-Spring, however in this case a number of small
C-Springs are placed around the periphery of the disc space. This design could be
manufactured in a linear fonn and then defonned into a toroidal fonn as it was
inserted, thus only requiring a small incision in the annulus fibrosus.

Pros:
No wear debris generated during deflections.

Large contact area which would allow forces to be applied to the periphery of the
vertebral bodies.
The angular stiffness can be alter by changed the spring geometry.
Able to support compressive loads.
Can be inserted through a small surgical window.

Cons:

A st iff design is required to support compressive loads which would reqUire
signi ficant effort to deflect angularly.
Oi fficult to cater for intervertebral wedge angle.
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Summary:
Tilis concept consists of a thjn walled, fluid filled vessel with convo luted walls. As
the fluid fill supports the compressive loads, the wall thickness of the vessel can be
reduced and thus the angular stiffness of the implant could also be reduced. This
design is quite similar to a natural intervertebral disc which consists of a flexible
pressure vessel and fluid core.

Pros:
No wear debris generated during deflections.
Large contact area which would allow forces to be applied to the periphery of the
vertebral bodies.

Angular stiffness can be varied.
Able to support compressive loads.

Cons:
Complex constnlCtion.
TIle large cross section of this implant would require a large section of the annuills
fibrosus to be reflected.
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Summary:
This concept utilises a soft urethane rubber (or similar material) wh.ich can compress
and defolm to supp ly the required motions. This is s imilar to the function of the
Acroflex Disc. This design could be inserted in a similar way to the toroidal c-spring.

By straightening the spiral it could be feed into the intervertebral disc space through a
small inci sion in the alUlUius fibrosu s, once in the intervertebral disc cavity it would
recoil into a spira\.

Pros:
Large contact area which would allow forces to be applied to the periphery of the

vertebral bodies.
Able to absorb vertical shock loads.

- Easy to manufacture.
- Can be inserted though a small incision in the armulus fibrosus.
- The directional stiffness could be varied with the addition of holes or voids.

COliS:

Wear debris may generated if parts of the spiral rub against each other.
May cold flow when subjected to sustained vertical loads.
Reliant on the material properties to provide required deflections.

Previously patented in 1975 (US Patent 3867728).
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V ret han e Bloc k
Fixation Ridges

Urethane
S umma r y:

This urethane block is similar to the Acroflex Disc.

It utilises a soft defom13ble

urethane rubber (or similar material) which can compress and stretch to provide the
required motions. Two of these devices could be inserted though a small incision in
the atUlulus fibroslIs to provide the required level of support.

Pros:
Large contact areas.
Able to absorb vertical shock loads.

Can be inserted though a small incision in the annu lus fibrosus.
Directional stiffness could be varied by adding voids to the flexible material.

Cons:
May cold flow when subjected to sustained vertical loads.
Reliant on the material properties to provide required deflections.
Sintilar to Acroflex Disc and hence may suffer from the same cold flow and
endpJale delamination problems.
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Urethane Annulus

Summary:
This urethane annulus is variation of the urethane spiral concept. It utilises a soft
defonnable urethane rubber (or similar material) which compresses and stretches
radially to provide the required motions. A flexible spring in the centre of the device
would be required to help keep the end plate components located centrally to each

other. Note: this device shown above is partially sectioned for clarity.
Pros:
Able to absorb vertical shock loads.
Directional stiffness could be varied by changing thickness of the urethane
annulus in certain areas or by adding voids.

Cons:
May cold flow when subjected to sustained vertical loads.
Reliant on the material properties to provide required deflections.
Wear debris will be generated as the urethane moves relative to the endplates.
The large cross section of thi s implant would require a large section of the annulus
fibrosus to be reflected.
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U ret han e B a 1\s

Summary:

This concept involves a number of soft urethane balls being placed through a ho le in
the annulus fibrosus to fi ll the space nonnally occupied by the nucleus pulposus. The
annulus fibrosis could then be repaired to prevent the balls from being ejected. The
required motions would be provided by the urethane ba ll s being compressed and
di splaced within the intervertebral disc space.

Pros:
Can be inserted though a very small incision in the ,mnu\us fibrosus .
Able to absorb vertical shock loads.

Easy to manufacture.

Cons:
Difficult to control the stiffness of the device in-vivo .
Reliant on correct number of balls being inserted into the intervertebral disc space.

May cold flow when subjected to sustained vertical loads.
Relianl on the material properties to provide required deflections.
- The annu lus fibrosus must be repaired and remain heahhy

10

retain the balls .

. Wear debris will be generated as balls move relative to each other.
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Appendix 2 - Titanium
As detailed in Chapter 5, during the refinement of the metallic spring concepts it was
established that the material properties would play an important role.

One of the

material groups investigated was Titanium and its alloys. This appendix details the
physical properties of Ti-6AI-4V and Commercially Pure Titanium Alloys, both of
which are commonly used for in-vivo applications.
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A2.1 Background
Titanium alloys range from high ductility commercially pure alloys which can be used
where formability is essential, to heat treatable high strength alloys with high strength to
weight ratios. Titanium alloys can be worked using conventional machining processes,
fabrication, forging and casting allowing complex forms to be manufactured in large
and small volumes.

When selecting materials for in-vivo use bio-compatibility is a critical consideration
however strength, elastic modulus, density and the capacity for osteo-integration with
bone and other tissues must also be considered. There are several titanium alloys which
meet these requirements. Pure titanium is inert and immune to corrosion by body fluids
and is therefore considered wholly biocompatible. Titanium alloys also have a high
strength and a low modulus compared to steel which helps to prevent bone resorption
from occurring. With appropriate surface treatment bone and tissues will also fmnly
adhere to titanium implants.
Titanium and its alloys have been used in a wide range of medical applications, as
detailed below.
The most common medical applications of titanium have been the production of bone
screws, partial and total hip joints, knee joints and instrumentation. Titanium alloys are
also used for dental implants where titanium 'root' implants are implanted into the
mandible and maxilla.
Soft commercial pure titanium alloys are used extensively for maxillofacial fixation
plates. These plates are used to restore facial features which have been affected by
trauma, disease or deformity. The high malleability of these alloys allows surgeons to
easily deform the plates in theatre to suit the patient's facial structure.
A wide range of surgical instruments are also made from titanium. These instruments
are often anodised to create non-reflective surfaces which minimise glare from surgical
lights.

Titanium instruments also can withstand repeated sterilisation without

compromising edge and surface qualities, corrosion resistance or strength.
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A2.2 Available Alloys
There are many commercially available titanium alloys which are suitable for medical
implant purposes. The most commonly used alloys are Ti-6AI-4V and the Commercial
Pure (CP) Grades.

A number of other Titanium alloys have also been developed for medical implant
purposes including Ti-6AI-7Nb, Ti-5AI-2.5Fe, Ti-13l\1b-13Zr and Ti-12Mo-6Zr-2Fe
however these alloys are not as common. Data regarding the properties of these alloys
is also less common and due to difficulties finding vendors for these materials they were
not included in the material selection process for the intervertebral disc implant. This
decision fulfils the specification requirement that conventional biocompatible materials
be used to limit testing and development costs.
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A2.3.2 Fatigue life
There are several factors which affect the fatigue perfonnance of Ti-6Al-4V including
surface effects and microstructure.

High cycle fatigue typically occurs as a result of micro-cracks fonning and growing to
become macro-cracks. These micro-cracks propagate until the fracture toughness of the
material is exceeded and final fracture occurs. However, as a rule of thumb, the fatigue

life for small, highly stressed components (small critical flaw size) is mainly controlled
by micro-crack initiation and growth, while for large components operating at low
stress levels (large critical flaw size), macro-crack growth behaviour is more
important5• For the intervertebral disc implant the fonner is the case, as the implant will
have a small cross section and is highly stressed, therefore its high cycle fatigue
perfonnance will be micro-crack controlled.

A2.3.2.1 Surface Effects on Fatigue Life
Mechanical surface treatments such as shot peening, polishing, or surface rolling can be
used to improve the fatigue life of most metals. In most cases three surface properties
are altered: surface roughness, degree of cold work (dislocation density) and residual
stress.

The influence of these surface effects on high cycle fatigue are shown in

Table A2.2.
Surface Effect
Surface roughness

Crack Nucleation

Crack Propagation

Accelerates

No effect

Retards

Accelerates

Minor or no effect

Retards

................................................................. ," ...................................................................................................................................................................................... ..

Cold work
Residual compressive stress

TableA2.2 Surface effects on high cyclefatigue.
[Source: Welsch et at]

Surface roughness detennines whether fatigue strength is primary crack nucleation
controlled (smooth) or crack propagation controlled (rough). Fatigue cracks nonnally
initiate at or near singularities on or near the surface of the specimen.

These

singularities may include but are not limited to scratches, pits or inclusions. Therefore,
a good surface finish is a fundamental requirement for high endurance strength.
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Residual compressive stress is also an important factor in fatigue performance and is
most prominent in the infinite life stress range (107 cycles or more) as it can
significantly retard micro-crack growth once cracks are presents. For high cycle fatigue
residual stress is more important than surface finish, although the two are often closely
related. For example surface roughness and residual stress are often associated with
machining and finishing operations process, for example shot peening.

Figure A2.1 shows the effects of electropolishing, shot peening and stress relieving on
Ti-6AI-4V. From this graph it can be seen that the high cycle fatigue properties of an
electropolished sample with fine lamellar structure is improved by shot peening.
However, stress relieving shot-peened samples results in a significant decrease in
fatigue strength.

Adding an electropolishing process to a shot peened and stress

relieved sample results in most of the benefits of shot penning being restored.
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Figure A2.1 Ti-6AI-4V - Effect ofshot peening and electropolishing on fatigue life.
Rotating beam test on fine lamellar microstructure in air, at 20°e.
EP

=Electropolished, SP = Shot peened, SR = Stress relieved.
[Source: Welsch et at]
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Two potential surface treatment processes where considered to increase the fatigue life
of the intervertebral disc implant, as detailed below.
Shot Peening
As previously stated shot peenmg places the outer surface of the material in
compression but increases the surface roughness. The residual compressive stresses
inhibit slip and delay the nucleation of cracks.

However, the majority of the

intervertebral disc concept designs developed were small and had undercut features
which would be hard to access with shot peening equipment. Therefore, shot penning
was not considered to be a viable option for increasing the high cycle fatigue strength of
the intervertebral disc implant.
Electropolishing
Electropolishing creates highly polished surfaces on metallic workpieces by removing
material through an electrochemical process similar to, but the reverse of, electroplating.

Typically the object to be electropolished is immersed in a container containing
electrolyte along with another metallic conductor.

A direct electric current is then

passed through the workpiece and metallic conductor via the. electrolyte.

The

workpiece is maintained anodic, with the cathodic connection being made to the metal
conductor.

During the electropolishing process, a film of varying thickness covers the surface of
the workpiece. This film is thickest over micro-depressions and thinnest over microprojections. Electrical resistance is at a minimum wherever the film is thinnest which in
tum results in the high rates of metallic dissolution at any micro-projections.

The material removed becomes a metallic salt. The metal removal rate is controllable to
a degree and tolerances between 0.00254 and 0.0635 mm can normally be achieved.
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Titanium is difficult to electropolish as it has a strong oxide layer which is hard to break
down. As a result a highly reactive electrolyte is required, for example in the case of
electropolishing Ti-6AI-4V an electrolyte of the following composition is typically
used.
600ml methanol
360ml butanol-2 (C4-HlO-O)
60ml perchloric acid (H-CI-04)
Note: As perchloric acid is highly reactive and dangerous at room temperature this
electrolyte should be stored at -20°C when not in use.

No commercial vendors carrying out electropolishing of titanium alloys were located
during this investigation. Most vendors stated that due to the reactivity of the required
electrolytes and the difficulties associated with polishing titanium alloys they were not
interested in such work. However, titanium is polished in laboratory environments for
experimental work. It was reported by the Technische Universitaet Hamburg that they
regularly polish titanium alloys for experimental work using the previously detailed
electrolyte 4.

It was noted by the Technische Universitaet Hamburg that during the polishing process

the electrolyte should be maintained at -30°C and stirred constantly using a magnetic
stirrer to achieve optimum results. For best results the workpiece should also be cooled
down to -30°C in the electrolyte bath prior to the application ofthe electric current.

As material removal occurs with the conduction of current from the workpiece to the
cathode, the surfaces and edges nearest the cathode have the greatest amount of material
removed.

Technische Universitaet Hamburg achieved uniform electropolished of

fatigue testing specimens by rotating the workpiece in a cylindrical metallic vessel
which acts as both the electrolyte bath and cathode. However, most of the intervertebral
disc concept designs have undercut surfaces which would not be readily exposed to
fresh electrolyte or be included in the current conduction path.
electropolishing of undercut areas could be difficult to achieve.

As a result
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Given this inability to reliably electropolish critical implant features and the high
reactivity of the electrolyte, it was determined that electropolishing the intervertebral
disc implants was not a viable option.

These surface modification findings are not unique to titanium and its alloys. Therefore
regardless of the material selected for the intervertebral disc implant the fatigue
properties for unmodified surfaces should be used.
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A2.3.2.2 Microstructure Effects on Fatigue Life
As previously stated fatigue cracks normally initiate at or near singularities on the
surface of the workpiece. However even if metallic samples have a highly polished
swface and no stress concentrations are present, alternating stress can cause slip bands
to form and in tum fatigue failure to occur.

The application of a fluctuating stress causes dislocation motion

In

alternating

directions. This localised irreversible dislocation movement occurs in narrow bands
along slip planes in individual grains and as a result slip bands are formed. Since these
bands terminate at a free, unconstrained surface, roughness in the fonn of ridges and
grooves is created on the surface of the workpiece. These features are called slipband
extrusions and sljpband inll1lsions. The formation such features is illustrated in

Figure A2.2.
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Figure A2.2 Slip band lonnation mechanism.
Operation of two interseclillg slip bands, wilh the applicmion of a reversing load.
{Source: Fine et ae]

The high concentrations of plastic strain developed within these localised bands
ultimately serve as sites for the initiation of micro-cracks. As dislocation movement
and thus slip band formation can occur below the materials' yield strength, fatigue
failure can be initiated below the yield or proof stress.

The most significant factor in slowing down the propagation of micro-cracks is their
interaction with grain boundaries. As micro-cracks reach grain boundaries they slow
down or stop growing altogether.

This is due to the fact that slip systems are

discontinuous across grain boundaries. The length of the slip planes, known as the
effective slip length, detennines the amount of subsequent accumulated damage that
occurs.
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In the case ofTi-6AI-4V the effective slip length is limited by 'critical' micro-structural
dimensions which can include but are not limited to the grain size, the length of the
interfaces between the alpha (a) and beta

W) phases and the Widmanstatten packet size.

In duplex materials an additional effective length parameters include grain size and the
volume fraction of primary alpha (ap).

The fatigue properties of Ti-6AI-4V can

therefore be improved by refining the grain structure.

For example when Ti-6AI-4V alloy

IS

slowly cooled from the

~

regIOn, the final

microstructure consists of a phase plates which are separated by
arrangement is known as a Widmanstatten structure.

~

phase, this

A typical Widmanstatten

microstructure is shown in Figure A2.3. This structure has large effective slip lengths
and thus a low resistance to fatigue crack nucleation.

Figure A2.3 Typical Ti-6AI-4V Widmanslallen microslruc/ure.
Widl1umstatten microstructure of Ti-6AI-4V after slow cooling/rom above the P trallSus. The while plates
are a phase and the dark regions between them are fJ phase. Optical micrograph 500x.
[Source: Donachielj

The fatigue performance and typical crack nucleation sites for three other Ti-6Al-4V
microstructures are detailed below.
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LameHar Microstructure
When carrying out solution heat treatments above the

~

transus the resulting

microstructure depends on the degree of homogenization during solution treatment and
on the cooling rate.

Quenching from above the

~

transus suppresses the diffusion controlled

~

to a

transformation and leads to the formation of needle-like a' martensite. The resulting
martensitic material has high yield strength but low fracture toughness hence once
fatigue cracks nucleate, brittle failure quickly occurs.

For slower cooling rates as the temperature falls below the

~

transus, nucleation of a

begins and diffusion controlled partitioning between the a and

~

phases occurs. The

resulting microstructure is lamellar, in which broad a and fine

~

lamellae alternate to

form packets. The size of the lamellar packets depends on the prior

~

grain size and the

cooling rate with results ranging from fine acicular structures to coarse lamellar
structures as indicated in Figure A2.4. 6

~-Transus

t
T

.\ Fe"
fine coarse
lamellar
a' lamellar

time

--IDoo

Figure A2.4 Formation a/lamellae microstructure.
The cooling rate through the transus determines the fineness of the lamellar microstructure.
Note: WQ

=Water quenched.

AC =Air Cooled. FC

[Source: Welsch et at}

=Furnace Cooled.
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Figure A2,5(a) shows the fatigue perfonnance of a fully lamellar Ti·6AJ-4V

microstructure with the width of the alpha lamellae decreasing from 10 to 0,5 ,urn. With
decreasing lamellae size an improvement in fatigue strengthrrom 480 to 600 MPa is
observed, Crack nucleation sites in lamellae microstructures are nonnally located in
slip bands within the alpha lamellae. Because resistance to both dislocation motion and

fatigue crack nucleation depend on the width of the alpha lamellae there is a strong

correlation between the yield strength and fatigue strength f'Or this microstructure. 5

Figure 142,5 Ti-6Af-4V - Lamellar microSlrtlcture.
(a) Effiel of (1 (amellae width on fatigue fife,
rb) Fmigue crack nucleation siie.

I SOt/rce:

Wagner>]
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Equiaxed Microstructure

Eguiaxed grain structures result from hot working the material in the a and

Pphase field

and then recrystallising below the transus temperature. The presence of both phases
during hot-working prevents the coarsening of the microstructure which occurs if only
grains are present.

p

If this material is then recrystallization-annealed below the

martensite start temperature, a fine equiaxed microstructure consisting of a. and

p grains

fonns.

Figure A2.6(a) shows that for a fully equiaxed Ti-6AI-4V grain structure, a decrease in
the alpha grain size from 12 to 2 J-Lrn results in an increase of the fatigue strenglh from
550 to 720 MPa. Fatigue cracks in this material nucleate at slip bands within the alpha
phase as indicated in Figure A2.6(b).
EQuiaxed. R
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Figure A2.6 Ti-6A 1-4 V - Eqlliaxed micros/nic/llre.

raJ Effecl of a grain size on faligue life.

rbJ

Faligue crack nuclealiOIl sile.
(Source : Wagne? J

~
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Duplex Microstructure
Duplex microstructures are formed in a similar way to equiaxed structures, except the
material is recrystallization-annealed above the martensite start temperature. At this
temperature, diffusion controlled partitioning between the u and

~

phases occurs

resulting in a microstructure which consists of u grains and fine lamellar regions. The
duplex annealing temperature determines the relative amounts of u and fine lamellar
(transformed

~)

as shown graphically in Figure A2.7.

~- Tronsus

t

T

time-

Figure A2. 7 Processing path for recrystallization and duplex annealed microstructures.
Although not indicated on this diagram recrystallization annealing has a slower cooling rate.
RA

= Recrystallization Anneal. DA = Duplex Anneal. o.p = Primary Alpha.
[Source: Welsch et a1

6

]

Figure A2.8 shows the microstructures which results from two different annealing
temperatures.

The microstructure in Figure A2.8(a) results from a low annealing

temperature and consists of 40% primary alpha, while a higher annealing temperature
results in 20% primary alpha phase as shown in Figure A2.8(b ).
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(a)

(b)
Figure A2.8 Ti-6AI-4V - Duplex micrOS/l1icture.
(a) 40% primary alpha (ap) 200x.
(b) 20% primary alpha 200x.

(Source: Welsch et nf /

For duplex Ti-6AI-4V decreasing the wid1h of the alpha lamellae from I to 0.5 /lin
increases the fatigue strength from 480 to 575 MPa, as shown in Figure A2.9(a) .
Fatigue cracks in duplex microstructures can occur in the lamellae matrix, within the o.p
phase or at the interface between the lamellae matrix and o.p phases. Figure A2.9(b)
shows a fatigue crack nucleating in a lamellae region .

.,

700~--~: ·----------------~

CL

~AC

UR 875 C
~O%''p 10llm

Cycles 0 latlu e

(a)

Figure A 2. 9 Ti-6AI-4V - Duplex micros[n./ct/4re and fatigue.

(a) Effect ofa lamellae widlh unjaligue life.
(b) Fatigue crack nucleation site.
{Source : Wogne,.5/
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Heat Treatment Environment
One of the disadvantages of titanium alloys is the high solubility of interstitial oxygen
and nitrogen. Heating titanium to high temperatures in air not only causes oxidation but
the inward diffusion of oxygen, nitrogen and hydrogen. This in tum results in the
formation of a hard surface or 'alpha-case' which reduces the fatigue strength and
ductility of the material. Therefore, if the titanium alloy is to be heated either as part of
a forming process of to refine the microstructure, care must be taken to ensure the alpha
case is removed. Alternatively careful control of the environment during heating must
. be ensured to prevent exposure to oxygen, nitrogen and hydrogen.
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A2.3.2.3 Endurance Strength Summary
When Ti-6AI-4V is air cooled from above transus the temperature a lamellar
microstructure with an endurance strength of up 600 MPa results. Provided the implant
can be heated and cooled without distorting, this microstructure may be a viable option
for the intervertebral disc implant.

Of the heat treatment processes investigated, the highest endurance strength results from
a fine equiaxed microstructure. To achieve this grain structure a hot forming process is
required during the manufacture of the implant.

However, hot forming of the

intervertebral disc implant may not be desirable or the forming process used may be too
inhomogeneous or of insufficient magnitude to refine the grain sufficiently. Therefore,
this heat treatment process was dismissed from the intervertebral disc implant material
selection process.

Duplex microstructures also require a hot forming process however most titanium
vendors are able to supply semi-finished Ti-6AI-4V products (bar, wire, tubes, etc) in a
duplex condition. An advantage of manufacturing the intervertebral disc implant from
semi -finished duplex material is that there is no need to heat treat the material. This
means there is also no need to remove alpha.;.case material or have access to
environment controlled heat treatment facilities either of which will increase the cost
and complexity of the manufacturing process. It should be noted however that if such
semi-finished duplex material is used, care must be taken to ensure that any heat
treatment and forming operations are limited to sub-transus temperatures.
maximum endurance strength reported for duplex microstructures was 575 MPa.

The
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A2.4 Commercially Pure Titanium
There are four ASTM grades of Commercially Pure (CP) titanium. These grades differ
in the amount of impurities they contain, with the primary differences being in the
Table A2.3 shows the composition of the different

oxygen and iron content.

commercially pure grades and associated ASTM standards.
Grade

ASTM
Spec

c

Fe

H

N

o

OT

Other

CP Grade 1

B348 1

0.1

0.2

0.0125

0.03

0.018

0.4

Bal Ti

CP Grade 2

B348 1

0.1

0.3

0.0125

0.03

0.25

CP Grade 3

B348 1

0.1

0.3

0.0125

0.05

0.35

0.4

Bal Ti

CP Grade 4

B348 1

0.1

0.5

0.0125

0.05

0.4

0.4

Bal Ti

.........................................................................................................................................................................................................................................................................................

0.4 max Bal Ti

................... ,........................................................................................................................................................................................................................................., ...........................

Table A2.3 Commercial Pure Titanium grades and composition (% Weight).
Note: aT = Other Total (jor impurity content).
[Source: Welsch et at;

Higher purity CP alloys (Grade 1) have a lower strength and hardness than the less pure
alloys (Grade 4). The high purity grades also exhibit higher ductility.

In general

commercial pure grades of titanium are normally selected for their excellent corrosion
resistance and biocompatibility for applications where high strength is not required.
The most commonly used grade of commercial pure titanium alloy is Grade 2.

A2.4.1 Mechanical Properties
The mechanical properties of commercial pure titanium alloys at room temperature are
detailed in Table A2.4.
AS TM Specification
Grade 1

Grade 2

Grade 3

Grade 4

4.51

4.51

4.51

4.51

103-107

103-107

103-107

103-107

45

45

45

45

0.34-0.40

0.34-0.40

0.34-0.40

0.34-0.40

Ultimate Tensile Strength (MPa)

275

345

445

550

Tensile Yield Strength (MPa)

205

275

380

480

Density (g/cm3)
Elastic Modulus Tensile (GPa)

........................................................................................,...................................................................................................................................................................................................... .

Shear Modulus (GPa)
Poisson's Ratio

...............................................................................................................................................................................................................................................................................................
Table A2.4 Commercially Pure Titanium - Mechanical properties at room temperature.
[Source: Welsch et at;
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Figure A2.I0 shows the fatigue properties for ASTM Grade 4 commercial pure titanium
alloy. From this graph it can be seen that this alloy exhibits an endurance limit which is
strongly dependent on temperature. The other grades of commercial pure titanium have
similar fatigue strength and also exhibit a decrease in endurance strength with
increasing temperature.
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Figure A2.10 Commercially Pure Grade 4 Titanium Alloy - Rotating beam fatigue strength.
For un-notched, polished specimens machined from annealed bar stock.
[Source: Welsch et at]

A2.5 Summary
Both Ti-6AI-4V and the commercial pure grades of titanium are suitable for use in the
intervertebral disc implant. The final choice of material will depend on the required
endurance strength, ductility and availability of the material in the required cross
section.

347

A2.6 References
1.

Specification for Titanium and Titanium Alloy Bars and Billets. Annual Book of
ASTM Standards, 2002, ASTM International: West Conshikocken, PA, USA.
Vol 02.04. pp 204-213.

2.

Donachie M J, Titanium: A Technical Guide. 1988, Metals Park, OH: ASM
International.

3.

Fine M E, Ritchie R 0, Fatigue-crack initiation and near-threshold crack
growth. Fatigue and Microstructure, 1979, American Society for Metals: St
Louis. pp 245-278.

4.

Personal Communication, Sauer C. Electropolishing Ti, Hamburg, 2 November
2000.

5.

Wagner L, Fatigue life behaviour, in Lampman S R (Eds). ASM Handbook:
Volume 19 - Fatigue and Fracture, 1996, ASM International. pp 837-845.

6.

Welsch G, Boyer R, Collings E W, eds. Materials Properties Handbook:
Titanium Alloys. 1994, ASM International: Materials Park, OH.

348

<Blank Page>

349

Appendix 3 - Stainless Steel
As detailed in Chapter 5, during the refinement of the metallic spring concepts it
became clear that the material properties would play an important role. One of the
materials investigated was Stainless Steel. This appendix details the physical properties
of Stainless Steels commonly used for in-vivo applications.
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A3.1 Background
Stainless steel is used extensively for medical applications such as instrumentation,
implants and aux iliary equipment. Some of the advantages of stainless steel include its
corrosion resistance, ease of cleaning and aesthetic appearance.

The first orthopaedic applicati,on for stainless steel was the use of mOlybdenum-free
18-8 stainless steel to replace vanadium plates 211d screws. However this alloy was
susceptible to cOrTosion in-vivo. In 1946 the American College of Surgeons endorsed
316 and 3] 7 as the preferred grades of stainl,ess steel in place of 18-8 alloys P02 and
304). Currently the most commonly used stainless steel alloy for implant purposes is
316L.

A3.2 316L Stainless Steel
316L stainless steel is a low carbon, high molybdenum grade of the standard 316 alloy.
The composition of 316 and 316L alloys are detailed below in Table A3.1.

G r ade

AST M
Spec

316

A276

I"""'~'-""'-'-

316L

--_ .. -.' ...... ...
,

1

'""

A276 1

.. ".

C

Mn

0.08

__2.0

""1""11'1"""11

O.OJ

",,,,,,,

2.0

Si

1.0
"1""""""1"'"

1.0

Ni

Cr

16- J 8.0

P

10-14.0 0.045

"·,",'111",'1111',1-' ... ·,1

.... _-,,,.,-' . ,, .. ,.,.

16-18.0

10-14.0

S

.

0.03

•• 1""",·"." •••••• '.' 1'111"_,-"",,,"'0

0.045

Oth e-r

0.03

"

.. , .......... ... " - " . ,
~"

2-3.0 Mo

Taole AJ, 1316 Stainless stee! gmdes and composition (% Atomic),
Note: Bolallce of rn()teriol is IrOIl
/Source: DflVisJJ

3I6L st3in less steel can be suppl ied in several different process! ng stales and wi th sl,ight
variations in composition, the most common states for medical implant purposes are
316L VM and 316LS. These versions of the base 316L alloy are vacuum arc remelted
and offer the advantages of having higher purity and fewer non-metallic inclusions.
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A3.2.1 Mechanical Properties
The mechanical properties of 316LS at room temperature are detailed in Table A3.2.

Value

Property
Density (g/cm3)

7.95

Elastic Modulus Tensile (GPa)

195

Shear Modulus (GPa)

75

........................................................................................................................................................
~0.25

Poisson's Ratio

Table A3.2 Mechanical properties of 316LS annealed bar at room temperature.
[Source: CarTech2]

Most stainless steel suppliers can supply 316 stainless steels in either an annealed or
cold worked state. As can be seen in Table A3.3 increasing the percentage cold work of
316LS causes an increase in hardness and strength, while also resulting in a
corresponding decrease in ductility.

Mechanical Property

Annealed

Cold Work Percentage
1----..,.....---.,-----,----1

35

52

70

90

Hardness (Rockwell C)

88

26

36

38

40

Ultimate Tensile Strength (MPa)

586

862

1034

1172

1541

Tensile Yield Strength (MPa)

434

793

848

896

946

Elongation at Break (%)

57

18

16

17

13

Reduction in Area (%)

88

72

62

60

57

....................................................................................................................................................................................................................................................................................

Table A3.3 316LS - Mechanical properties as afunction ofcold work.
[Source: CarTech2]
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A3.2.2 Fatigue life
The endurance strength of 316L stainless steel in air is approximately 260 MPa, as
shown in Figure A3 .1 3,4,5.
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Figure A3.1 S-N curve for 316L stainless steel in air.
[Source: Leffler4]

The fatigue limits of stainless steels are influenced by the service environment. The
more aggressive the corrosion conditions and the lower the loading frequency, the
greater the effect the environment has on the fatigue life. For example during high
frequency loading there is little time for corrosion to occur and the fatigue properties of
the 316L alloy are primarily determined by the service life. However, at lower loading
frequencies corrosion effects are more pronounced and any corrosion deposits which
form can act as stress concentration sites which in tum reduce the fatigue life4,5.
Figure A3.2 shows the effect of pH on fatigue strength of three stainless steels alloys.
The pH of saliva and urine are typically 6.4.
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Figure A3.2 Effect ofpH on fatigue strength ofstainless steel.
Values were determined from rotating bending fatigue tests conducted at 100 Hz and 40°C, Results are
presentedfor sample tested in air and 3% NaCI solution of va rio liS pH strengths.
Note: 316LN is a nwdified 316L alloy with additional Nitrogen to improve its strength and damage
tolerance properties.
[Source: Leffle/]

A3.3 Summary
Stainless steel alloys, particularly 316L and its variants could be used to produce
intervertebral disc implant components. However, the relatively low endurance strength
of these materials means they can only be used in low stress situations.
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Appendix 4 - Nitinol
As detailed in Chapter 5, during the refinement of the metallic spring concepts it
became clear that the material properties would play an important role. One of the
materials investigated was Nitinol.

This appendix details the characteristics, shape

memory properties and physical properties ofNitinol.
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A4.1 History
In 1932 a new class of alloys was discovered, these materials exhibited the ability to
restore themselves to an undeformed state when heated. Some of these alloys also
exhibited super-elastic properties depending on past processing and environmental
conditions. This new class of alloys was named Shape Memory Alloys or SMA for
short. However due to the expensive nature of the alloys involved (most SMA at this
time contained significant amounts of Gold and Cadmium) and the poor performance of
these alloys, Shape Memory Alloys were not utilised in industry.

However in 1962 Nickel-Titanium Alloy was discovered by Buehler and co-workers at
the Naval Ordnance Laboratory, this alloy consisted of half Nickel and half Titanium
atoms. Nickel-Titanium alloy was found to exhibit superior properties when compared
to all other shape memory alloys and the constituents were not prohibitively expensive.

With the discovery of NiTiNOL, so named to recognize its Naval Ordnance Laboratory
origins, the level of product development utilizing shape memory alloys began to
accelerate. Several companies smelted ingots of Nitinol often with poor results and
numerous inventors filed patents on potential products through the late sixties and early
seventies.

However, most of these products were not practical and were never

marketed.

In 1969, Raychem Corporation developed a product which is still the most financially
successful product utilizing Nitinol, the Cryofit@ hydraulic pipe coupling.

This

coupling is used in high performance hydraulic systems such as those for military
aircraft and navy ships. Over one million have been put into service without a single inservice failure being reported and million dollars of this product are still sold each year9 •
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A4.2.3 Kink Resistance
Within reaso nab le limi ts Nit inol cannot be kinked. This characteristic is related to the
high elasticity prev iously mentio ned ancl the shape of slress·strain curve. When strains

are increased locally beyond the plateau strain, stresses increase rapid ly. As this occurs
the strain is red istributed into areas of lower strain instead of increasing the peak simin.
Thus kinking o r strain localisation is prevented by the creat ion o f a more unifornl strain
profile than would occur in a conventi onal elasti c-pl astic materia1

4

•

TIle first appli cation 10 utilise thi s property was guide wires, which must pass thruugh
tortuous paths without kinking. Even very small pemlanenl bends in these guide wires

can cause "whipping" whi ch destroys the ability to steer the wire. Ano ther application
for this kink resistance is small diameter instruments that can still o perate smoothl y
whi le benl, an example of which is shown in Figure A4.3.

Figu re 114. 3 Kink resistance I mm diameter grasper designed for use ill urology.
Tire ilISlrwllent slwft is composed of I'e l), Ihin walled Nilinol tIlbe and wire. able to be bent a rQW1d radii
of less [hall 30 /lUll without kinking.

{Sol/rce: T. W Ollerig el at]
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A4.2.4 Constancy of Stress
When a defonned Nitinol component is unloaded the resulting stress-strain curve
exhibits constant stress over large strains, as shown in Figure A4.4. In conventional
metals the stress during unloading is dependent on the percentage strain. However, for
super-elastic materials operating temperature is the controlling factor. As a result with
constant temperature, as found in the human body, super-elastic devices can be designed
to exert a constant load over a wide range of shapes4 •
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Figure A4.4 Stress-Strain curve/or Nitinol compared to Stainless Steel.
Nitinol is non-linear, exhibits a hysteresis and follows different paths on loading and unloading. The
elasticity of Nitinol is approximately twenty times that of Stainless Steel. Nitinol also exhibits a very flat
unloading curve, i.e. a constant stress is exerted over large strains.
[Source: T. W Duerig et a13]

Orthodontic arch-wires were the first product take advantage of this property.
Orthodontists often tighten conventional arch-wires to the point of causing pain. As the
treatment continues the teeth move and the forces on the arch-wire rapidly relax
retarding tooth movement and slowing the treatment process. In contrast Nitinol archwires, shown in Figure A4.5, are able to exert constant force and move the teeth for an
extended period oftime, meaning fewer visits to the orthodontist and less pain7.
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A4.2.6 Thermal Deployment
One of the most popular att ributes of Nitinol devices is that they can be deployed using
the shape memory effect. One of the most common thennally deployed medical devices
is self-expanding stents, an example of which is shown in Figure A4.7. These self-

expanding Slents are often used as a follow up to balloon angioplasly to interna lly brace
the walls of tubular passages, such as blood vessels.

Figllre A 4.7 SM4 stem ill the process of beillg deployed from a catheter.
The equilibrium shape of fhe stem increases six-fold a$ if is wanlled 10 body temperature. The catheter
provides mechanical cOllstmint that prevents premature recovery of the deployed shape.
[Source: T. \V Duerig

el

at}

Flushing chilled saline solution through the catheter keeps the Nitinol stent

In

the

defonned (collapsed) state until the surgeon is ready to deploy the device.

When

released frol11 the catheter, the stent is wamled by its new surroundings, recovers its preprogranuned shape and becomes a super-elastic device.

A4.2.7 Dynamic Interference
Stents also take advan tage of another lIseful Nitinol property. dynamic interference o r a
constant force pushing radially outwards onto the vessel wall.

Traditional inflated

stents require a balloon to expand and plastically defonn them to the desired shape.
However, following traditional deployment as the balloon is collapsed the stent
elastically recovers causing it to become loose in the vessel. The only way to overcome
this loosening problem is to over expand the balloon and stent. but this can cause
damage to the vessel. In contrast Nitinol stents expand outward to a pre-progranuned
form with no spring-back. Therefore. after deployment correctly sized Nitinol stenls
conlinue 10 push outward wilh a gentle force. Nitinol slenls will also expand outwards
10 fill irregular or oblong cross sections as opposed to balloon inflated stents which
always adopt the round shape of the balloon.
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A4.2.8 Fatigue Resistance
Nitinol has a fatigue behaviour that is quite atypical for metallic materials 17 . Fatigue
environments can be divided into two groups; strain-controlled and stress-controlled.
As the names imply the former describes a device alternately deformed between two set
shapes, while the latter describes the influences of a fluctuating load.

To illustrate the differences consider the fatigue behaviours of a rubber band and a loop
of steel wire. In a stress-controlled environment (e.g. load cycling between 10 and
100kg) the steel loop will survive far longer than the rubber band. In a strain-controlled
environment (e.g. alternately stretching from 100 to 20Omm) , the rubber band will
outperform the steel loop.

Nitinol is much the same; in a strain-controlled environment it will dramatically
outperform conventional metals 2,1O. However, in stress-controlled environments it may
fail in fatigue rapidly. An example of where this strain controlled fatigue could be used
to advantage is pacemaker leads which require a conductive metal that can survive a
high number of flexing motions without failing4.
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A4.2.9 Biased Stiffness
Conventional materials load and unload along an identical path. For example the force
applied by a spring is dependent on how far it is stretched not on whether the spring is
being stretched or released. However super-elastic components are path dependent,
with the position of the spring being less important than whether the spring is being
stretched or released.

This biased stiffuess or hysteresis is illustrated in Figure A4.8 for a stent which is
manufactured in the open configuration and then deformed to the closed position (A).
When the stent is deployed by releasing it from the catheter it follows the unloading
arrows, until the vessel is filled and expansion stops (B). The gentle pressure against
the vessel wall is controlled by the unloading arrows, but efforts to re-collapse the stent
and vessel are resisted by the stiffuess indicated by the loading arrows. Also if further
expansion of the stent occurs the same biased stiffness is maintained.

o

1

2

3

6
4
5
Compression (mm)

7

8

9

Figure A4.8 Biased stiffoess illustrated in a stent.
[Source: T. W Duerig et a13]

A4.2.10

MRI Compatibility

Nitinol provides crisp, clear MRI images which is potentially useful in open MRI
procedures. Applications for needles and instruments have also been proposed, though
to date few of these products are commercially available3 •
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A4.3 Properties of Nitinol
Several studies to determine the properties of Nitinol have been carried out; a
compilation of some of the results is shown belo~,5,9.

Physical Properties
Melting Point

1300°C

Density

6.45 g/cm3

Electrical Resistivity

Magnetic Susceptibility

Thermal Conductivity

Thermal Expansion

Austenite

~ 76-100

Martensite

-70-82 )lQ/em

Austenite

3.7 x 10-6 emu/g

Martensite

2.4 x 10-6 emulg

Austenite

0.18 watt/em - °c

Martensite

0.085 watt/cm - °c

Austenite

11

Martensite

6.6 x 10-6

Corrosion Resistance

X

)lO/cm

10-6 mfc

wC

Similar to 300 series
Stainless Steel or Titanium Alloys

Mechanica] Properties
Young's Modulus

Yield Strength

Austenite

~ 40 GPa (5.6 x] 06 psi)

Martensite

- 75 GPa (10.8 x 10 6 psi)

Austenite

195-790 MPa (28-100 x 10 3 psi)

Martensite

70-140 MPa (10-20 x 103 psi)

Ultimate Strength

900 MPa (130 x 103 psi)

Elongation at Failure

20-40%

Transformation Properties
Transformation Temperature

-200 to 110°C

Shape Memory Strain

8,5% maximum
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Typical Loading and Unloading Characteristics

Loading Plateau (a,)

450-700 MPa

Unloading Plateau (au)

Up to 250 MPa

Maximum Spring-back

11 %

Maximum Deformation with % Permanent Set (Ep)

6%

Maximum Stored Energy

40-50 J/cm3

Strain
Figure A4.9 Schematic showing super-elasticity descriptors.
Stored Energy indicated by shaded area.
,

2

[Source: Duerig et al ]

Note: These values are only approximate indications of the properties of Ni tino 1. Exact
figures vary depending on the alloy composition, past processing history and the
number of shape memory effect cycles with material has been subjected to.

368

A4.4 Theory of the Austenite to Martensite Transformation
The basis of the shape memory effect lies is the alloys ability to undergo a
thermo-elastic martensitic transformation.

The manensitic transforrnation can be

defined as lattice transformation involving shearing deformation which in turn results
from cooperative atomic movement. The martensitic transformation is athermal, as the
amount of new phase produced is dependent on temperature rather than the period of
time spent at a given temperature.

The transformation from austenite to martensite is oA:en interpreted as a two-fold
sequence, involving Bain strain and lattice-invariant shear.

Bain strain, or lallice defomation, accounts for the atomic movements needed to
produce the new martensitic structure from the old austenit ic material. Figure A4.1 O(a)
shows the lattice movements of conventional metals such as stainless steel which
In contrast, Figure A4.10(b) shows the progressIve

exhibit Hookian elasticity.
transformation of aust(.;nite

to

martensite observed in shape memory alloys.

As the

magnitude of the stress increases (from leA: to right) the amount of martensite increases
as more layers of the lattice are deformed .

-1- ..

~ 1 r--.

J

'III
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•
~

~
..,..,.-< -..--v-.

~

.

...... ......

..
""I

...it.
(a)

(b)

Figure A 4.10 2d schematic o/the allstenite to mortensite trans/ormalion.
(a) La./lice movements associ£lled with Hookian elasticity.
(b) Progressive lallice dejormQlion observed in slwpe mem.ory alloys.
Where 'E' is tradilional elasticity and 'SE' is super-elasliciry.
/ Source: Stockel et aIM}
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The second part of the martensite transfonnation, the invariant-lattice shear,

IS

an

accommodation process. The martensite produced during lattice defonnation has a
different shape and volume to the surrounding austenite.

To accommodate these

changes either one of two defonnation mechanisms, slip or twinning, may occur. Slip
shown in Figure A4.11(a) is a pennanent and irreversible accommodation process and is
common in many martensites. Twinning is able to accommodate shape changes in a
reversible way and is illustrated in Figure A4.11(b). For the shape memory effect to
occur to any significant extent twinning must be the predominant accommodation
process. However regardless of which accommodation mechanism occurs each of the
resulting crystals has a martensitic structure but the shape of the original austenite
structure.

• ., 0-0--."""'.

.,

"G--IIII--fIIl

o

(a)

(b)

Figure A4.11 Stress-induced martensitic shape and volume accommodation mechanisms.
(a) Slip causes irreversible damage.
(b) Twinning is reversible and the predominant accommodation process for shape memory alloys.
[Source Gil et af]
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1n the absence of an external applied stress and when the volume change is negligible,
the thenna))y induced martensitic transformation is characterized by random martensite

plale variants, as shown in Figure A4 ..J 2. Such a Iransfonnation results in a minimum
or even nil macroscopic shape change?

Figu.re' A4. J2 Micros/ruc/ure o/mar/ensi/e.

[Source Gil e/ al' J

If a constant externally applied uniaxial stress assists the thennally induced martensitic
transformation, only a limited number of thenno-elastic martensite variants grow. Or
alternatively in the case of martensite fonnations around pre-existing dislocation stress
fields, certain martensite plate variants will be dominant as can be observed in Figure
A4.13. These processes will lead to a macroscopic shape change7 .

Figure A4.! J Micros/ruc/ure

0/ stress-induced m(lrlensilic.

{Source Gil el oJ'J
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In order to induce the austenite to martensite transformation, the chemical free energy of
the martensite must be lower than that of the austenite.

Since the transformation

requires an excess of non-chemical free energy (such as transformation strain and
interface energy), the transformation will only take place if the difference between the
chemical free energies of both phases are greater than the necessary non-chemical free
energy7.

Or in other words, a driving force is necessary. The austenite to martensite
transformation will only proceed if the material is under-cooled to a suitably low
temperature, Ms. This temperature is below the equilibrium temperature To where the
chemical free energy of the martensite and austenite are equal. A driving force is also
necessary for the reverse transformation therefore the specimen must be overheated to a
suitably high temperature, As, as illustrated in Figure A4.14.

/I"

Figure A4.14 Relationship between free energy ofmartensite (M) and austenite (/3).
[Source Gil et afJ

The required under-cooling and overheating as well as the activation energies are much
smaller for martensitically transforming shape memory alloys than those required for
steels. ilGChernical on cooling for shape memory alloys, is about 10-15 JlMol and ilT
about 5-50°C. While for steels, ilGChemical ranges from 1000 to 1500 J/Mol and ilT
ranges from 200 to 400°C.
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MF and AF are defined as the temperatures needed to complete the transformation and
retransformation respectively. This need to under-cool and overheat the material results
in a temperature hysteresis as shown in Figure A4.15.

o

100

o

Mf
100
~----------------------------~

Temperature

Figure A4.15 Temperatures hysteresis.
[Source: Waram 20J

All of the physical properties of Shape memory alloys which are dependent on the
crystal

structure,

such as

electrical

resistivity,

optical reflectivity,

damping

characteristics and specific heat, are different in the austenitic and martensitic phases
and therefore show similar hysteresis loops.

By following one of these properties

during the forward and reverse transformations the four characteristic temperatures M s,

MF, As and AF as well as the shape ofthe hysteresis loop can be determined.
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A4.5 Shape Memory Alloy Mechanisms
A4.S.1 Thermal - Mechanical Cycling
As previously described shape memory alloys have the unique property known as shape
memory effect. This refers to the alloys ability to be deformed at low temperatures and
retain this deformation until it is heated, at which point the material returns to its
original undeformed state. The transformation back to the undeformed shape occurs as
a result of the materials crystal structure changing.

At high temperatures the crystal structure of shape memory alloys is Austenitic, while at
low temperatures martensitic structures are formed. The austenite structure is often
referred to as the parent phase. As previously described when shape memory alloy is
cooled the martensite lattice does not all tilt in the same direction; instead a twinned
structure is observed, as shown in Figure A4.l6.
High Temperature

Low Temperature

--Figure A4.16 Nickel Titanium alloy atomic arrangement upon cooling.
[Source: Waram

20

J

When a load is applied to this martensitic material it deforms (i.e. accumulates strain),
causing the twins to reoriented so they lie in the same direction. This process is called
de-twinning, in shape memory alloys the stress required to reorient the twins is
relatively low. A de-twinned structure is illustrated in Figure A4.17.
Deformed

As Cooled
Force-

----Force
Figure A 4.17 Deformation of lattice or de-twinning.
[Source: Waram 20J
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When the applied load is released at a temperature below As any shape change persists
since rearrangement of the twins and martensite variants does not occurred. However,
upon heating through the As to AF temperature range the material recovers its original
shape as a result of the reverse transformation from martensite to austenite. As the
structure of the martensite has low symmetry, the reverse transformation is highly
restricted in the crystallographic sense and usually only one variant of the parent phase
(austenite) is nucleated. Full recovery of the original shape will not occur, however, if
any slip occurred during the accommodation process or if the material was over strained
during the deformation stage.

Once the shape is recovered at the AF temperature, there is no change in shape when the
unloaded material is cooled down below MF and the shape memory effect can only be
reactivated by deforming the martensitic specimen again.

This shape memory effect is a one-way process, proceeding from cold shape to hot
shape and it cannot be reverse. The process is shown schematically in Figure A4.18 is
sometimes referred to as one-way shape memory effect.
High Temperature
Cubic Structure

Deform

low Temperature
Twinned Martensite Structure

low Temperature
Detwinned Structure

Figure A4.18 Transformation between high and low temperature structures.
[Source: Waram 20]
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A4.S.2 Two-Way Shape Memory Effect
It is possible to create shape memory devices which can cycle between fixed shapes in

both the parent and martensite phases.

In effect, the material remembers the high

temperature shape and the low temperate shape, as well as the shapes at all temperatures
between these two extremes. It is then possible to cycle fairly repeatedly between these
different shapes by simply changing the temperature. This effect is called the two-way
shape memory or reversible shape memory effect and is shown schematically in Figure
A4.19.

Low

High

Low

Tem perature

Tem perature

Temperature

Figure A4.19 Schematic diagram of the two-way memory effect.
[Source: Waram 20J

Two-way shape memory behaviour is achieved as a result of training. Training limits
the number of martensite variants which can be -formed when the alloy is heated and
cooled through the transition temperature range. During training cycles the material is
deformed in the low temperature state. This deformation introduces dislocations which
stabilize the pre-existing configuration of martensites.

On heating to temperatures

above AF, the martensite-austenite transformation occurs but the dislocations remain.
On cooling below Ms, martensite forms in such a way as to accommodate the stress
fields associated with the previously formed dislocations.

Therefore, if there are

sufficient dislocations only a few stable martensite configurations, including the original
configuration, can exist.

It should be noted that only during heating can work (force and motion) be generated

for both the one-way and two-way shape memory effects. During cooling with the twoway effect, the material simply recovers its low temperature shape and it cannot provide
force to external components.
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A4.S.3 All-Round Shape Memory Effect
The all-round shape memory effect differs from the two-way effect in the following
ways:
A greater amount of shape memory change is possible with the all-round effect.
The high and low temperature shapes are exact inverses of each other. i.e. a
complete reversal of curvature is possible as shown in Figure A4.20.

High Temperature

Low Temperature

Figure A4.20 All-round shape memory effect.
{Source: Waram 20J

Because of the extra processing involved and the lack of reliability associated with the
two-way and all-round shape memory effects, they are usually not used to provide
motion in the reverse direction. Instead an outside biasing force is normally used to
determine the cold shape and any two-way effect that is present helps to reduce the
amount of biasing force needed. Figure A4.21 shows an example of an actuator where
the outside biasing force is provided by a steel spring.

Cold

+

Hot

SMA

Steel

Spring

Spring

•

~

Figure A4.21 Two-way motion using a biasing (steel) spring.
[Source: Waram 20J
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A4.S.4 Super-Elasticity
Super-Elasticity or Pseudo-Elasticity can be defined as the ability of certain alloys to
return to their original shape upon unloading after substantial deformation.

Shape memory alloys are able to exhibit such super-elasticity due to their ability to form
stress-induced martensite. Just as water can be condensed from steam by pressurization
or cooling, shape-adaptive martensite can be formed by stressing as well as cooling.

When shape memory alloy components are stressed at temperatures greater than Ap , and
below MD , stress-induced martensite is formed. If the material is then unloaded the
stress-induced martensite becomes unstable and the material returns to its original
austenitic form. Super-elastic devices for medical applications therefore require an Ap
temperature below 37°C.
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Figure A4.22 Stress-Strain/or a super-elastic material.
[Source Gil et az71

Figure A4.22 shows a typical pseudo-elastic stress-strain curve. The linear portion AB
represents the elastic deformation of the parent martensite phase. Point B corresponds
to a stress level O"t~M where the first stress-induced martensite plates start to be
formed. The martensite transformation is completed at point C. The slope of the region
BC reflects the energy dissipated by the material due to internal friction and the
formation of defects.
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When material fully transformed into stress-induced martensite is stressed further, it
will deform elastically as represented by region CD. At point D the plastic yield stress

a p' of the material is reached and the material continues to deform plastically up to
fracture (E). If the stress is released before reaching point D, for example at point C',
the induced strain is recovered again through several stages. The region C'F of the
curve corresponds to the elastic unloading of the stress-induced martensite.

Upon

reaching the stress a:(4P
at point F, the reverse martensitic transformation starts and
I
the fraction of stress-induced martensite decreases until the parent phase is completely
restored at point G. Region GH represents the elastic recovery of the parent phase.
Super-elastic materials may exhibit some set, or failure to recover the total strain, if
irreversible deformation occurs during the loading or unloading processes.

The stress required to induce the formation of stress-induced martensite at4M and the
corresponding to the reverse transformation

are both linear functions of

temperature, as can be seen in Figure A4.23.
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Figure A4.23 Effect of temperature on transformation stress.
(a) Temperature versus transformation stress (Austenite _ Martensite).
(b) Temperature versus reverse transformation stress (Martensite - Austenite).
[Source Gil et afJ
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In general super-elastic shape memory alloys can be strained up ten times more than
ordinary spring materials and can store considerably more energy, as shown in
Table A4.1.

Material

Elastic Strain

Stored Energy (Joules/em3)

Steel

0.8%

8

Cu-Zn-AI

5.0%

14

Ni-Ti

10.0%

40-50

Table A4.1 Stored energy ofdifferent materials.
[Source: Waram

20

J
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A4.5.5 Hysteresis
Mechanisms at an atomic scale cause hysteresis to occur. The austenite to martensite
transformation (cooling phase of the transformation) occurs over a lower temperature
range than the martensite to austenite transformation. An idealised temperature
hysteresis is shown in Figure A4.24.

o

100

o

100

Mf

~------------------------------~
Temperature
Figure A4.24 Idealised temperature hysteresis.
[Source: Waram 20J

The absolute values of the transformation temperatures, the hysteresis width and shape
(skew) depend on the alloy composition and processing history. Most shape memory
alloys have a hysteresis loop width of 10-50D C. The main causes of hysteresis are the
internal fiction caused by the movement of the austenite-martensite interface and the
creation of defects within the crystal structure.

Hysteresis also denotes an energy dissipation mechanism and associated high damping
capacity. The damping capacity is highest in the martensite phase, particularly in the
region of Ms. This damping could be used to advantage in energy-absorbing devices.
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A4.S.6 Stress-Induced Martensite Limit
As the temperature increases it becomes more difficult to stress-induce martensite.
Above a temperature, MD, the critical stress required to induce martensite is greater than
that needed to move dislocations. Therefore, MD is the highest temperature at which it
is possible to fonn martensite.

Thus the temperature range for stress-inducing

martensite varies from Ms to MD.

Pennanent defonnation of shape memory alloys also starts to occur 2SoC above AF and
a significant deterioration in super-elasticity occurs SO°C above AF. Fortunately AF
temperatures between 10-30°C are easily achieved using Nitinol allowing excellent
super-elasticity to be achieved at body temperature3 •

382

A4.S.7 Summary of Shape Memory Alloy Deformation Processes
The thermo-mechanical behaviour of shape memory alloys is summarized graphically in
Figure A4.2S.

The right hand portion of this graph shows the stress-strain curve

corresponding to the deformation of martensite below M F. The induced strain recovers
between As and AF after the applied stress has been removed and the specimen heated,
thus allowing Nitinol to exhibit the shape memory effect. At temperatures above M s,
but below M D , stress-induced martensite is formed, leading to a super-elastic loop with
an upper and lower plateau. At temperatures above MD no stress-induced martensite is
formed and the austenite undergoes plastic deformation.
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Figure A4.25 Three dimensional stress-strain-temperature diagram/or a Nitinol.
Defonnation and shape memory behaviour of a Nitinol alloy when defonned below Mp, above AF and
above MD.
[Source: Wayman et al21 ]
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A4.6 Fatigue Characteristics
A4.S.1 SMA Cyclic Behaviour
Shape memory actuators can exhibit two different failure modes when subjected to
repeated thermal-mechanical cycling, these are:
Classic fatigue failure.
Loss of motion (Le. recovery strain) with continued thermal cycling.
Classic fatigue failure occurs when a localised defect initiates the formation of a
micro-crack which continues to progressively grow as the device is cycled. Ultimately
once the crack has grown sufficiently large enough the device fails catastrophically.

Loss of motion failure occurs when a shape memory actuator fails to recover its original
form after heating above AF • The extent of motion loss that occurs with thermal cycling
is dependent on the applied stress.

Waram20 found that Nitinol spring actuators

thermally cycled with a shear stress of 172 MPa experienced a loss in motion of
approximately 15% after 100,000 cycles.

This loss of motion was linear with the

logarithm of the number of cycles, with a large percentage of the total loss of motion
occurring in the first few thousand cycles.

A4.S.2 Super-Elastic Cyclic Behaviour
It has been found that during super-elastic cycling of Nitinol alloys, parameters such as

the maximum loading plateau stress and the available stored energy can decrease.
These changes in the materials properties have been reported to occur relatively rapidly
during the initial cycles, but after approximately 100 cycles these changes become less
noticeable 3 •

Shape memory alloys also fail as a result of fatigue damage during super-elastic cycling.
As described in Section A4.2.8, shape memory alloys perform better in strain controlled
rather than stress controlled environments. Figure A4.26 shows the fatigue life for a
50% Ni-Ti alloy (atomic) in a strain controlled environment at various temperatures.
From this graph a trend of decreasing fatigue life with increasing temperature can also
be observed.
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A4.7 Biocompatibility
A number of in-vivo and in-vitro studies have been carried out to investigate the
biocompatibility of Nitinol alloys.

The results of these studies are often varied,

inconclusive and recommend further studies be carried out.

However, some broad

generalizations can be made from the literature reviewed during the course of this
project, these include:
Equi-atomic nickel-titanium alloys exhibit a better corrosion resistance than
austenitic stainless steels and similar corrosion resistance to titanium-based
all oys l,8,11,12,19.
Histological analyses of tissues recovered after in-vivo studies tend not to exhibit
any adverse reactions 1,13.
Surface preparation and roughness of components can affect biocompatibility
with surface nickel levels varying depending on the finishing process used 12 ,18,19.
Nickel-Titanium alloys exhibit good biocompatibility with human osteoblasts
and fibroblasts ll ,14.
Nitinol induces no toxic effects, decrease in cell proliferation and do not inhibit
the growth of cells in contact with the metal surface 1,13,14.
Although toxic, the nickel in nickel-titanium alloys does not adversely affect
biocompatibility due to the very stable Ti02 layer formed 13 ,19.
Also despite the suggestions that further studies be carried out, most authors state that
nickel-titanium alloys appear to be suitable for in-vivo use.
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A4.8 Conclusions
Nitinol is a useful material for the design and manufacture of medical implants as many
of the properties it exhibits are unique including:
Shape Memory Effect
Thermal Deployment
Biased Stiffness

Kink Resistance
Other important properties exhibited by Nitinol are its biocompatibility and low
stiffness.

This low stiffness (elastic modulus) allows stress-shielding effects on

surrounding bone to be reduced in well designed implants.

Some design tables are available for designing Nitinol tension and compression coil
springs. However even with the use of such design tables, the calculation of loads and
deflections for Nitinol springs is considered computationally difficult and in most cases
only approximations can be made. Processing effects playa large part in determining
the performance of Nitinol devices.

As a result of these factors the design and

manufacture ofNitinol implants is often noted as being an empirical process.

The key disadvantage when considering Nitinol for use in the intervertebral disc
implant is the low fatigue limit exhibited in stress controlled environments. To produce
a Nitinol intervertebral disc implant with a fatigue life in excess of 100,000,000 cycles
the applied stress would have to be approximately 200 MPa.

As a result of this poor fatigue performance and the difficulties associated with
designing Nitinol devices, the decision was made to eliminate Nitinol as being a viable
material selection for the intervertebral disc implant.
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Appendix 5 - Sample Z. . Spring Calculation
This appendix details the analytical analysis of the metallic Z-Spring intervertebral disc
concept to determined angular stiffuess and peak stress relationships. The effects of
varying the spring geometry are also discussed. However, it was determined that there
are no combinations of length and radius which allow both the stiffuess and peak stress
requirements to be met.
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Figure A5.2 shows a simplified version of the Z-Spring geometry with the endplates
removed.

This system was broken down into three sections for analysis purposes.

These sections were a cantilevered arc (A-B), a straight cantilever (B-C) and another
cantilevered arc (C-D).

Figure A5.2 Simplified Z-Spring geometry.

With the compressive load (PUDL) and moment (MAng) applied, the deflections for each
component of the Z-Spring were found analytically using Castigliano's Second
Theorem which states.

8=

JoI(M)
aM dx
EI ap

Or in radial terms
8 =

Jo() (MEI ) aM
Rd B
ap

These deflection relationships were then used to determine the stiffness of the whole
z-spring.

The peak stress which results from the application of the loads was also

determined.
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AS.2 Arc Deflections (A-B)
The horizontal and vertical tip deflections of the arc section A-B when subject to a
compressive load and moment were found as detailed below.
Horizontal Displacement

To detennine the horizontal displacement (AxA_B) an imaginary point load Po was
applied at the free end of the arc section.

Using Castigliano's Second Theorem

Ax

o RdO
J%(MEIOjl 8M
8P,

= 8U =

8P,

A-B

0

o

where M

0

1

= M Allg + PUDLR1(1- CosO) + PoRI Sin 0

0

8M

.

and _ _
0 = Rl Sm 0
8Po

Now Po = 0, so
M

= M Aug + PUDLR1 (1- CosO)

0

Therefore
AxA

B

-

!!"((M

2
0

2

AxA

-

B

+ P.

R1(1- COSO))]

(SinO)R/dO
J Allg UDLEI
R
=_I_J
2(MAl/gSinO+PUDLRISinO-PUDLRICosOSinO)dO
El

=

lr

0

(Eq 5.1)
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Vertical Displacement
Similarly, to detennine the vertical displacement

(~YA-B)

at Point A, Castigliano's

Second Theorem was solved with respect to P UDL .

where M 8

= M Allg + PUDLR (1- Cos B)
j

8M
and _ _
8 = R j (1- Cos B)
8PUDL

Therefore

~

:Y A-B

=

M

R2
j
4E1
Allg

(2Jr _ 4)+

R3
j
4E1

P.

UDL

(3Jr - 8)

(Eq 5.2)
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A5.3 Cantilever Deflections (B-C)
The vertical displacement (dYB-c) at point A which results from the straight cantilever
section B-C deflecting was determined as detailed below.

Using Castigliano's Second Theorem
d

-

YB-C -

-J l(Mx)
aM x dx
EI ap.

au ap.
UDL

0

UDL

where M x = M AlIg + PUDL (Rl + x)

aMx Rl+X
ap

and - - =
UDL

Therefore

dy

B-C

= M A11/ (2R + I) + PuDLI (3R 2 + 3R 1+ 12)
2EI

1

3EI

1

1

(Eq 5.3)
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AS.4 Arc De'flections (C-D)
The horizontal and vertical displacements at Point A which result from the arc section
C-D deflecting were determined as detailed below,

Horizontal Displacement
To determine the horizontal displacement (Axc _D ) an imaginary point load Po was
applied at Point A.

PuDL

J,Po
: MAng

.,
"

q

Using Castigliano' s Second Theorem
Ax

=

C-D

au = J%(Me)aMe
R dB
EI aR

aRo

0

0

2

Me =M +PUDL(R[ +1 + R2 Sin B) + Po(R[ +R2 -R2CosB)
aMe
and - - = R[ +R2 -R CosB

where

Allg

2

aPo

Now Po = 0, so

M

=

M Allg + PUDL (R[ + I + R2SinB)

(Eq 5.4)
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Vertical Displacement

Similarly, to detennine the vertical displacement

(~YC-D)

at Point A, Castigliano's

Second Theorem was solved with respect to PUDL •

where M(} =M Ang +PuDL(R, +i+R2 SinB) _
and

aM ()
ap
UDL

= R, + i + R 2 SinB

Therefore

(Eq 5.5)
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A5.5 Total Deflections
Using Equations 5.1 to 5.5 the total deflection of the Z-Spring system at point A were
found to be:

And in the unique cases where RJ = R2 = R

=

Ax
@A

M

JrR2 P. R2
+ UDL (R + m- I + JrR)
El
El

Ang

(Eq 5.6)

(Eq 5.7)
When determining the stiffness of the Z-Spring only the deflections which results from
the application of the moment, M Allg, are of interest.
vertical

and angular

Therefore from (Eq 5.7) the

(L1() AlIg)

deflections which result from the application of

M AlIg (2JrR 2 + 12 + 2RI + JrRI)
2El

(Eq 5.8)

(L1y Ang)

M Allg were found to be:

L11}

:.r AlIg

L1(}

=

= Tan-l (

Allg

L1 ()AlIg

L1YAlIg

2R+I

_Tan -l(M

-

J

(I+JrR)J
2EI

AlIg

(Eq 5.9)

Therefore the overall stiffness ofthe Z-Spring system is:
M
Stiffness = _ _--,--_A....;:lIg;,--_....,....,...-

Tan

-1

(M

Allg

(I + JrR)J

2EI

(Eq5.10)
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A5.6 Peak Stress
The peak stress was found to occur at point D, the fixed end of the second arc
component, as indicated in Figure A5.3.

c

I.

I

.1

Peak Stress

D /

Figure A5.3 Z-Spring peak stress location.

As previously detennined in Section A5.4 the moment for this component of the spring
(C-D) was detennined as being:

Mf) =M Ang +PUDL(R1 +1+R2 SinB)
Hence if RJ

R2

R the peak moment and stress can be found to be:

1'4Ma.l = 1\1Alig

+ PUDL (2R + I)

and
(Eq 5.11)
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A5.1 Effect of Varying Length and Radius
The effects of varying the Z-Spring geometry were determined using the stiffness and
peak stress relationships (Equations 5.10 & 5.11). The two most critical variables are
the length (l) and radius (R).

The maximum implant envelope was previously defined in Section 4.1.6 to be 25 x 35 x
10 mm (Sagittal Diameter x Transverse Diameter x Height).

Given these size

restrictions the Z-Spring length parameter (l) was set to be less than 10 mm and the
radius (R) less than 5 mm.

The stiffness and stress values for a range of length and radius values were then
determined and plotted as shown in Figures A5.4 and A5.5. For the purposes of this
analysis the Modulus of Elasticity (E) was set to be 115 GPa and a rectangular spring
cross section (Width 15 mm x Thickness 2 mm) was used.
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A5.8 Summary
From this analysis it can be seen that the Z-Spring concept presented is not a workable
solution for the intervertebral disc implant.

Similar studies were carried out for the other metallic spring concepts shown in
Appendix 1. However, as for the Z-Spring concept, the other spring configurations
investigated also yielded no workable stifihess and peak stress relationships. Therefore
the other metallic spring concepts were also declared to be unsuitable for use as
intervertebral disc implants.
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Appendix 6 - Evaluation Subtasks
The appendix contains definitions of the evaluation sub-task used in Section 5.2.
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De'finitions
Support Loads
The implant must be able to support all the applied static and dynamic loads.
Motions
The implant should ideally provide a natural range of motion as detailed in
Section 4.1.2
Match Stiffness
The implant should aim to replicate the stiffness of a healthy intervertebral disc. If the
stiffness of the disc implant is significantly lower than that of a natural intervertebral
disc the stability of the spinal column may be compromised. Conversely, if the implant
is too stiff additional exertion will be required for the patient to bend, or alternatively
the implant may act as a rigid body and all the deflection will occur at the remaining
spinal levels.
Wear Debris
Wear debris products can result in osteolysis, which in tum can lead to the implant
loosening or inflammation. Therefore the implant should produce no wear debris.
Endplate
The implant should exert the majority of the forces on the periphery of the intervertebral
body, however, a portion of the load should also be distributed across the central portion
of the vertebral body endplate to prevent resorption of the underlying trabeculae.
The endplates must also have provisions for short and long term anchoring of the
implant to the adjacent vertebral bodies.
Cross Section
The intervertebral disc implant must meet several cross sectional requirements.

It

should be fully contained within the nucleus pulposus space and the majority of the
annulus fibrosus should be preserved.

Preservation of the anterior portion of the

annulus fibrosus is particularly important as it makes a significant contribution to the
stability of the spinal column and load carrying.
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Disc Height
The implant should restore the intervertebral disc height immediately after implantation
and maintain it for the duration of the implant's life. Failure to do so may result in
compression of the nerve roots or incorrect loading of the zygapophysial joints.
Axis of Rotation
The natural axis of rotation for a healthy intervertebral disc is located close to the
inferior endplate, as described in Section 4.1.3. The intervertebral disc implant should
replicate this where possible.
40 Year Life
To reduce trauma to the patient the intervertebral implant should ideally last 40 years
and must be capable supporting all the required motions and loads during this period.
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Appendix 7 - Initial Bellows Specification
As detailed in Chapter 6, several metallic bellows manufacturers were contacted to
determine whether formed or welded bellows could meet the requirements laid out in
the specification for the intervertebral disc implant. Initial contact with manufacturers
was by phone, followed by a written specification.

The information provided during the phone calls and in the written specification was
intentionally kept brief and broadly worded to reduce the possibility of compromising
any intellectual property associated with the project.
manufacturers is detailed in this appendix.

The specification sent to
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lain McMillan
PhD Student
Mechanical Engineering
University of Canterbury
Private Bag 4800
Christchurch
New Zealand
Phone: +6433642987 ext 7257 (day)
Fax:
+6433436182
Email:
i.mcmillan@mech.canterbury.ac.nz
Date: XX XXX XXXX

Attn: X XXXXXX

Further to our conversation yesterday regarding formed/welded bellows I am writing to
detail my bellows requirements, in confidence.
The bellows will be required to act as a flexible pressure vessel with both ends capped
in close proximity to the convolutions, as shown below.
22
/!I.D

I am happy for the bellows to be supplied with tangent ends, flanges etc, (i.e. as
standard bellows are), as I am able to cut the bellows down to suit my application.
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The bellows depicted on the previous page are for illustrative purposes only and the
bellows length (9mm) and the outside diameter (22mm) are the only critical dimensions.
Other variables can be changed as required, including those listed below.

Wall thickness.
Convolution span.
Convolution pitch.
Number of convolutions.
Inside diameter.

The required pressure capabilities, ranges of motion and critical dimensions are detailed
on Page 410. I recognise that these details may be insufficient to design an appropriate
bellows therefore please do not hesitate to contact me should you have any queries.

I look forward to your reply on this matter.

Regards

lain McMillan
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Bellows Specification
Pressure
Operating Pressure:

Maximum Pressure:

Inside:

I MPa (approx)

Outside:

Atmospheric

Inside:

1.75MPa (approx)

Outside: Atmospheric
Shock Pressure:

Infrequent

Displacement
Axial Displacement:

0.5mm

Parallel Offset (Lateral):

nil

Peak Angular Rotation:

8°

Service Li fe:

100 million cycles (angular detlections)

Frequency:

<I Hz
O.5mm

Deformation Modes

Dimensions
00:

22mm

Installed Length:

IOmm

Material:

Commercially Pure Titanium

Operating Temperature:

:::::30°C

Fluid:

Water (5% aerated)

The bellows will not nonnally be angularly deflected.

(CP~ Ti)

or Ti-6AI-4V

They will have to undergo a

maximum angular deflection of 8°, however for the majority of the cycles the deflection
will be less than this

(~1-5°).

If necessary the outside diameter of the bellows could be increased to 25mm but ideally
the outside diameter should be 22mm as previously specified.
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Appendix 8 -Technical Data Sheets
This appendix contains technical data sheets for the following products:
Silbione 40047
-

NuSil Med-1511

-

NuSil Medl-4213

-

NuSil SP-120

-

NuSil SP-124
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MOM Fluid is ideal for treating the surfaces of glass, ceramics, enamels, plastics, rubbers, and metals.
The fluid film provides a temporary water repellent, biologically inert barrier over the treated material. This
barrier lessens damage to blood and delays its clotting.
MOM Fluid is an effective defoamer for many foaming fluids, both aqueous and nonaqueous. Rhodia also
supplies specially formulated defoamers for medical applications requiring high defoaming efficiency.

BLENDING
MOM Fluid permits any desired blending of different viscosity grades. Although the fluid is available in a
number of standard viscosity grades, occasionally an application wilt call for a fluid of a viscosity between
the standard grades.

LOT TESTING
Each production lot is certified as having passed cytotoxicity and physical properties. Additional testing is
available upon request.

TYPICAL PROPERTIES

These values are not intended for use
in preparing specifications.

Test

Results

mEARANCE
COLOR, BARREn
SPECIFIC GRAVITY @ 77 0 F (25°C)
20 cps
100 cps
350, 1000, 12,500 cps
REFRACTIVE INDEX
VISCOSITY @ 7rF (25"C)
20 AND 12,500 cps
100,350 AND 1000 cps
PART NUMBERS:
20 cps = 40074
100 cps = 40104
350 cps = 40073
1000 cps = 40047
12,500 cps = 40098
VOLATILE CONTENT

CRYSTAL CLEAR LIQUID
< 2.5

CYTOTOXICITY

0.95
0.98
0.98
1.400 - 1.405
±10% OF NOMINAL
±5% OF NOMINAL

20 cps < 15%
100 - 1.25k < 15%
NONTOXIC

PACKAGING AND STORAGE
Packaging is available in 8, 40, and 420 Ibs. epoxy lined metal containers.
Suggested retest at twelve months from the date of shipment.
NOTE: Alllnforrnation is offered in good faith, without guarantee or obligation for the accuracy of sufficiency thereof, or the results
obtained, and is accepted at lIser's risk. Nothing herein shall be construed as a recommendation for uses whicll infringe potents or
as extending a license under valid patents.

(EpodiO

SILBION~is a Trademark of Rhodia

Riledia is Registered to ISO 9001

320 W. Stanley Avenue
Ventura, CA 9300"1
TEL: 805-653-51338 -- FAX: 805-1353-2315

",
A8.2 Nu$1I Med-1511

-,-

Pl'or/urt Profile
MED-1511 and MED-2000
Silicone Adhesive
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For sections of typical thickness. a relative humidity
level between 20 to 60 percent is recolUmended to
cure the lIdhesive fit room temperatme. since
controlled atIuospheric moisture i~ an imponant
factor for nticflniznrion.
Usually the adhesive fonns a tack-free outer skin for
thick section fihu5 within a few minutes after
application. The vulcanization rate will be slowed
where very thin films are exposed to excessive
humidity C:. 80~'o relative air humidity). For fibns
below 80 microns. the relative air humidity sllonld
be within 30% - 50%.
Because MED-1511 and MED-2000 cure upon
exposure to 1110isture vapor. the tubes must be kept
tightly closed when not in use. A plug of cured
material may forlll in the tip of the tube. Remove or
dispense the plug from the tube before using.

Packaging:
Tile acidic nature of MED-1511 and MED-2000
provides a uatmal bactericidal effect. While ~'\'fED·
L511 and MED-2000 containers may be relatively
free of microorganis11ls. it cannot be considered
sterile tulless ~ubjected to a validated sterilization
proce5S, When the adhesive is fully cured it can
withstand sterilization with ethylene oxide, city heat,
or steam autoclaving.
The size lind shape of fabricated articles must be
considered when establishing conditions of
sterilization. Larger qmmtities and larger parts may
require longer periods of heating and may retain
ethylene oxide longer than small parts. It is the
responsibility of the user to determine the outgnssing
time required for a particular npplicnrion if ethylene
oxide sterilization methods are used.
MED-1511 AND MED-2000 are available in non·
sterile t\lbes.
Slab
1/10 Gallon Tube
Two Ounce Tube
Two Ounce Case (24 x 2 oz)
Five Ounce Tube
Fh'e Ounce Case (24 x 5 oz)
Six OIUlce Tube
Six Ounce ('nse (24 x 6 oz)
Twelve Ounce Tube
Eight Gram Tube

Eight Gram Case (36 x 8~m)
Five Gallon Container

Caution:
MED-1511 and MED-2000 should not be used in the
lUlClU'ed state to repair or encapsulate living tissue in
the body since acetic acid is evoh'ed in vapor form
during the cure process.
On contact, uncured
adhesive irritates eyes. Avoid contact with eye5 and
skin. Contact lens wearers should take appropriate
precautions. In case of contact, flush eyes with
water. Call a physician. Remove from skin widl dlY
cloth or paper towel. Adhesive l'elease~ acetic acid
(vinegar-like odor) during cl11'e. Keep out of reach of
children.

Shipping Limitations:
None

Typical Properties as Supplied:
MED-1511
Tnck Free (Illinutel)
Flow (ill'!ll\1iu.)
Specific Gravity
Dlu'Ollletel'. Shore A
2
Ten5ile Strength (lbiin ) ! MPa
Elongation. %
T cal' Strength (lb/in) I kN/m

MED·2000

20

14

1
1.10

3
1.08
30
900;' 6.2
600
50 i 8.8

25
1100/7.6
750
60 i 10.5

Test lVlethods:
AppeRl'8nCe
Specific Gravity
Tack Free Time
Durometel', S Itore A
Tensile Strength
Elongatioll
Teal' Strength
Tissue Culture
Emission Specn'Oscopy

MEl:HSll

MErh~QQQ

NTM- 002
NTM·003
NTM- 005
NTM·006
NTM·007
NTM ·007
NlM -009

NTM -002
NTM· 003
NTM- 005
NTM -006
NT?v[·007
NTM -007
NTM· 009
NTM - 061
NTM- 071

NTM· 061
NTM- 071

FDA Mastel' File:
A Mastel' File for MED·1511 AND MED-2000 ha~
been filed with the U,S. Food and Dmg
Adminish·ation. The Mastel' Files will coumin the
results of applicable che1\1ical and luechallical
equivlIlency tested £IS welll\~ continllotory biolo!£ical

NT!061101/REVA
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testing. Customers intereSTed in authorization to
reference these files mllst contact NIISil TeclUlology.

'Varnings About Product Safety:
NuSil Technology believes that the information and
data contained herein i~ aCClU'ate and reliable:
however. it is the u~er' s responsibility to determine
suitability and safety of use for these materials.
NuSii Technology can not know the specific
requirements of each appliclltion and hereby makes
the user aware that is has not tested 01' determined
that these materials are sllita ble 01' safe for any
application. It is the user's responsibility to
adequately test and determine the safety and
sllitability for their application and NuSil
Technology mllkes no wllITanty conceming fitness
for any lise 01' plU'pose. There has been no testing
done by NuSil Technology to estllblish safety of use
in any medical application.
NuSil Technology has tested this milt erial only to
determine if the product meets the Ilpplicable
specitlcations. (Please contact NuSil Technology for
assistance and recommendations when establishing
specifications.) When considering the use of NuSil
Technology prodllcts in a particular application. you
should review the latest Material Safety Data Sheets
and contact NuSil Technology for any questions
about product safety information you may have.

NuSil Technology disclaims any expressed or
implied warranty agaimt the infi'ingement of any
patent. NuSil Technology does not wanant that the
use 01' sale of the products described herein will not
infi'inge the claims of any United States patents or
other country's patents covering the product itself or
the use in combination with other products 01' in the
operation of any process.

'Varranty Infonnation:
NuSii Technology's warranty peliod is 6 months
fi'om date of shipment when stored below 4(I O C in
original unopened containers. Unless NuSil
Technology provides YOIl with a specific written
wan'anty of fitness for a particular lise. NuSii
Technology's sole warranty is that the product will
meet NuSil Technology's then current specification.
NuSil Technology specifically disclaims any other
express or implied warranty. including wan'antie~ of
merchantability' Ilnd of fitness for use, Your
exclusive remedy and NuSil Technology's sole
liability foJ' breach of warranty is limited to refund of
purchase price or replacement of any product ~hown
to be other than as warranted. and NuSi! Technology
expressly disclaims any liability for incidental or
consequential damages.

No chemical should be used in a food, drug.
co~metic. 01' medical application 01' process lUltil YOll
have determined the safety and legality of the use. It
is the responsibility of the user to meet the
requirements of the U.S. Food and Drug
Administration (FDA) and any other regulatory
agencies. Before handling any other materials
mentioned in the text. you should obtain available
product safety infonnation and take the necessary
steps to en~lIre safety of Use.

Specifications:
The typical properties shown in this technic.11 profile
should not be used as a basis for preparing
specifications. Please contact NuSil Technology for
assistance and recommendations in establishing
pm1iclliar specificatiollf,.

Patent'Va.-ning:

NTf06J JOJlREVA
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A8.3 NuSIl Medl-4213

Pror//lt/ Profile
MED1-4213 & MED2-4213
Fast Cure Sili cone Adhel lves
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Vi~cosity,

Thixotropic
I: 1
5

cP Palt B
Mi.'!:. Ratio
Work Time, Minutes

Typical Properties as Supplied:
MED2·4213
Chemical Classification
Color
Viscosity, cP Part A
Viscosity, cP Part B
Mix Ratio
Work Time, Hours

VMQ
Translucent
80.000
Thixotropic
1:1
2

Test Properties:
Curelt 24 hours @ 25"C (77°F)

Specific Gravity @ 25"C (77°F)
Dur01lletel', Suore A
Tensile Strength, psi
Elonga tiOIl, %
Teal' Strength, ppi, Die B

MEDI·4213
1.10
15
600
650
75

Specific Gravity @ 25°(, (77°F)
DlIrometer, Shore A
TellSile Strength, psi
Elongation, %
Tear Strength. ppi. Die B

MED2·4213
1.10
15
600
650
75

Typical Cure Schedule:
Temperature
25°('
70°C
100°C
150°C

MEDI-4213
4·6 Hours
10 Minutes
5 Minutes
I Minute

MED2-4213
N/A
N/A
30 Minutes
15 Minutes

Substrate Consideration:
MEDI·4213 & MED2-4213 will cure in contact with
1IIost materials common to biomedical a~selllblies,
Exceptions include sntfiu' cured organic mbbers.
latex, chlorinated 11Ibbers. some RTV silicones and
unreacted residue~ of some cUl'ing agents, Units to be
encapsulated 01' potted should be clean and free of
~llrfuce contaminates, Containel'~ and dispensers to
be u~ed with MEDl-4213 & MED2·4213 should
also be clean and diY, Cure inhibition can usuaUy be
prevented by washing all containers with clean
solvent or volatilizing the contmuinants by heating.

Packaging:
Fifty ML Side by Side Kit
Two HWldred ML Side by Side Kit
Four Huudred ML Side by Side Kit
Two Pint Kit
Two Gallon Kit
Ten Gallon Kit

FDA Master File:
A Master File for MEDI-4213 has been filed with
the U.S. Food and Drug Administration. These
Mastel' Files contain tue results of applicable
chemical and mechanical equivalency tested as well
as confirmatory biological testing. A Mastel' File for
MED2·4213 is in process with the U,S. Food and
D1'l1g Administration. The~e Mastel' File~ will
contain the results of applicable chemical and
mechanical equivalency tested as well as
confirmatory biological testing. Customer'> interested
in anthorization to reference these filer. must contact
NIISii TeclUlology.

Warnings About Product Safety:
NuSil Technology believes that !lIe information and
data contained herein is accurate and reliable:
however. it is the user's responsibility to determine
suitability and safety of Il~e for these materials.
NuSil Technology can not know the specific
requirements of ellch application and hereby makes
the user aware that it ha~ not tested or determined
tuat these materials are suitable 01' safe for any
application. It is the lIser's responsibility to
adequately test and detel1nine the safety and
suitability for their application and NuSil
Technology makes no warranty concerning titness
for any u~e or purpose. There has been 110 testing
done by NuSil Technology to establish safety of use
in any medicalllpplication.
NuSil Technology has tested this mnterial only to
detel1lline if tue product meets the applicable
specifications. (Please contact NnSi! Technology for
assistance and recommendations when establishing
specifications.) When considering the use of NuSil
Technology products in a particular appliclllioll. you
suollLd re'view the latest Material Sllfety Data Sheet~
lmd contact NllSi! Technology for finy qlle.$tions
about product safety infollllation youlllay have.

NT/061 10 lIREV A
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No chemical should be used in a food, drug.
cosmetic. or medico 1 appliclltion 01' process until you
have determined the safety and legality of the use. It
is the re,ponsibility of the user to meet the
requirements of the U.S. Food and Drug
Administration (FDA) and any other regulatory
a gencies. Before handling any other moteria Is
mentioned in the text. you should obtain available
product SAfety iniol'lnation and take the necessary
steps to ensure safety of use.

Specifications:
The typical properties shown in this technical profile
should not be used as a basis for preparing
specifications. Please contact NuSil Technology for
a~sistance and recoll\mencllltions in establishing
particular spec ifications.

Patent'Varning:
NuSii Technology disclaims any expressed or
implied warranty against the infj'ingement of any
patent. NuSil Technology does not wa\1'Ont that the
use or sale of the products described herein will not
infi'inge the claims of any United States patents or
other country's patents covering the product itself 01'
the use in combinotion with other products or in the
opemtion of any proce~s.

Wananty Information:
NuSii Teclmology's warranty period is 6 months
fj'om date of shipment when stored below 40°C in
original unopened containers. Unless NuSil
Technology provides you with a specific written
warranty of fitness for a particular lIse, NlISil
Technology'S sole warranty is that the product will
meet NuSi! Technology's then current ~pecification.
NuSil Technology specifically disclaims any other
expre% or implied wAnanty. including warrallties of
merchantability and of fitness for use. Your
exclusive remedy and NlISil Technology's sole
liability for breach OfWalTnnty is limited to refund of
purchase price 01' replacement of any product ShO\\11
to be other than as w01'l'anted. and NuSil Technology
expressly disclaims any liability for incidental or
consequential domages.

NTI061 JOI/REVA
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AB.4 NuSll SP-120

SP-120
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Product Profile
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Warnings About Product Safety
NnSil TedUloJogy believe, that the information IUld data contained llerein is accurate and reliable. However. the user is
responsible to detennine the matelial's suitability and safety of use. NuSii Teclulology CIUUIOt Imow each application's
specific requirements IUld ilereby notifies the llser that it has not tested or detenllined tltis material's suitability or safety tor
use in auy applicatiOll. TIle user is respousible to adequately test IUld detenuine the safety IUld suitability for their
application and NuSii Techuology makes no WlUl'3llty concemiug fitness for any use 01' plUpose. NuSil Teclulology has
conlpleted no testing to establish safety of use in My medical application.
Nll')il TeclUlology has tested tius matelial only to detenlline if tlle product meets me applicable specifications. (Please
contact NuSii Technology for assistance IUld reconnllendatiolls when establishiug specificatiollS.) When cOllsideIing the
use ofNllSil TeclulOlogy products in a pmticular application. review tile latest MateJial Safety Data Sheets IUld contact
NllSiI TeclulOlogy with any questions aoout product safety infolll1ation.
Do not use any cileruical in a food. dmg, cosmetic, or medical application 01' process lUlti! having detenniued the safety
and legality of tile use. TIle llser is responsible to meet me l1~quireIllents of the U.S. Food IUld DllIg Adnunistration (FDA)
and any other regulatOly agencies. Before handling mly OtlleJ' materials mentioned in tile text, obtain available product
safety infoI1l1atiou and take tile necessmy steps to enSlU'e safety of lise.

Specifications
Do IlOt use the Iy))ical prope1ties ShO\\11 in tltis tecluucal profile as a basis for preplUing specifications. Please-coutact Nu8i1
TeclUlology for assistMce and reconUllendations in establishing pmticulru: specificatiollS.

Patent Warning
NuSi! TedUlology disclaum any expressed or uuplied wm1'8nty agaulSt tlle urliingement of !UlY patent. Nu8il TeclUlology
doe~ 1l0t wanaut tlle u~e 0)' sole of the products descJibed herein wilillot urliinge the claims of IUly United States' or odieI'
country's patents coveJ'ing tile product itself, its use in combination with otiler products or its llse in the opeJation of any
pIUCesS.

Warranty Information
NlISi! TechIlOlogy's wlUlUnty peliod is 6 nlOntiL~ from tlle date of shipmeJlt when stored below 40°C ill oJiginalullopened
cOlltaulers. Unless NuSii TeclUlology provides a specific \\'litten wamlIlty of fitness tor a pruticlllm' me. Nu8il
TeclulOlogy's sole wall'llnty is Ibat the product will meet NuSil TecllilOlogy's tileD Clurent specification. Nu8il
TeclulOlogy specifically disclaim~ !uly other expressed or ullplied w!Uranty. including wamlIlties of merch.'UlIability and
fintess for use. TIle exclusive remedy mtd NuSil Tec IUIOlogy' s sole liability for breacil of wm'llnty is wroted to refiuld of
plU'chase plice or replacement of any product shown to be otilel' tilali as w!Urallted. NlISii Teclulology expressly disclauns
any liability for incideJltal 01' cOIL5equential damages.
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a chalk appearance. the coating is too thick. Clean
and reapply.
4. At room temperate and 50% relative humidity,
the primer coat should be allowed to dry for Yl hour,
with atmospheric 1ll0istUl'e, lower lnuuidity will
require a longer dlying time.
5. Apply appropriate NuSiI Technology adhesive I
sealant.

Stol'age:
Thi~

material cures in the presence of atmospheric
moistlll·e. It is recommended tha t an inert gas, such
as Afgon or Nitrogen, be used to blanket the product
before seclll'ely fe-closing the container.

Packaging:
Four Ounce Bortle
Eight Ounce Bortle
Sixteen Ollllce Bortle
One Gallon Container
Fiye Gallon Container
Container~ ~hould remain sealed when not in use.
These prilller~ will hydrolyze upon contact with
atmospheric moisture and reduce or destroy their
effectivenes<;. Hydroliz!ltion is iudicllted by a milky
appearance in the primers. Once occurred. the
material cannot be reclaimed and will contaminate
any lnu'eacted primers.

'Varnillgs About Product Safety:
NuSil Technology believes that the information and
data contained herein is accurate and reliable;
however. it is the mer's respon;,ibility to determine
suitability and safety of use for these materials.
NuSii Technology can not know the specific
requirements of each application and hereby makes
the user aware that it has not tested 01' detel111ined
that these materials are suitable or safe for any
application. It is the user's responsibility to
adequately test and determine the safety and
suitability for their application and NuSii
Technology makes no warranty conce11ling fitness
for any use 01' pmpose. There has been no testing
done by NuSil Technology to establish safety of use
in any medical application.
NuSil Technology hasfested-lhis-material only to
determine if the product meets the applicable

specifications. (Please contact NuSil Technology for
assistance and reconunendatiom when establishing
specifications.) When considering the use of NuSil
Technology products in a palticular application. you
should review the latest Material Safety Data Sheets
and contact NuSil Technology for any que;,tions
about product safety illfonUHtion you may have.
No chemical should be llsed in a food. dmg.
cosmetic, 01' medical application or process until you
have detel111ined the safety and legality of the u~e. It
is the responsibility of the user to meet the
requirements of the U.S. Food and Drug
Administration (FDA) and any other regulatory
agencies. Before handling any other materiab
mentioned in the text, you should obtain available
product safety information and take the necessary
steps to ensure safety of lLse,

Specifications:
The typical properties shown in this technical profile
should not be lIsed as a basis for preparing
specifications, Please contact NuSil TeciUlology for
assistance and recolllmendations in establishing
particular specifications.

Patent'Val'ning:
NuSii Technology disclaims any expre,,&ed or
implied warranty against the infi'ingement of any
patent. NuSil Technology does not wan'ant that the
use or sale of the products described herein will not
infi'inge the claims of any United States patent;, or
other COl1iltry's patents covering the product itself or
the llse in combination with other products or in the
operation of any process.

'Val'l'anty Infol'mation:
NuSil Technology'S wal'l'anty period is 6 months
fi'om date of shipment when stored below 40°C in
original l1ilopened containers. Unless NuSil
Technology provides you with a specific "'Titten
wan'anty of fitness for a particular use, NuSii
TeciulOlogy's sole warranty is that the product will
meet NuSii Technology's then Cll1'rent specification.
NuSil Technology specifically disclaims any other
express or implied warranty, including warrantie& of
merchantability and of fitness for use. YOUI'
exclusive remedy and NuSii Technology's sole
liability for breach of warranty is limited to refund of

NT/09060 l/REVA
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pUfchase price or replacement of filly product shown
to be other thlln liS warranted, and NuSiI Technology
expressly disclaims ,Illy liability fot' incidental or
conseqnential dalllage~,

NT1(19060 JfREV A
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Appendix 9 . . New Zealand Patent Application
As detailed in Chapter 6, a provisional specification for the bellows intervertebral disc
implant was submitted for patenting in New Zealand in September 2001.

This

provisional patent has since been amended several times. The current New Zealand
Patent Application Number is 525179/526019.

This appendix contains the full text for the current NZ Patent Application.
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NEW ZEALAND
PATENTS ACT 1953

PROVISIONAL SPECIFICATION

"LOAD BEARTI'TG STRUCTURES"

We, ENZTEC LIMITED, a company duly incorporated under the laws of New
Zealand of 4/45 Sonter Road, Christchurch, New Zealand, do hereby declare this
invention to be described in the following statement:

431

TECHNICAL FIELD
The present invention relates to load bearing structures.
There have been a number of devices proposed for use as disk replacements. There
are none that meet all of the preferences below.
The present invention in one aspect relates to intervertebral disk replacement
(including replacement for similar low displacement joints). Since, therefore, there is
contemplation of body joints (including vertebral facet joints or vertebral joints to the
pelvis, etc.) the terms thereafter "intervertebral", "proximal vertebral body", etc. should
take as an option corresponding meanings.
A collapsed disk can cause pain, partial paralysis and limited mobility.

If the

situation is serious enough the current medical solution is for the patient to have a
"spinal fusion" operation in which the collapsed disk is removed and, by one of several
similar methods, the adjoining vertebrae are induced to grow together and in time
become fused. This operation is successful in reducing the paralysis and pain but limits
the flexibility of the spine and puts more load on to adjacent disks. As a result there is
increased potential for the neighbouring disks to degenerate as well.

BACKGROUND
THE SOUGHT-AFTER CHARACTERISTICS IN A DISK REPLACEMENT:

The ideal replacement would be a component:
1.

That will bond to the vertebrae.

2.

That will have the flexibility in all respects similar to that of a healthy disk.
This involves vertical and angular flexibility.

3.

It should have stability similar to a healthy disk (for example it should not

allow the adjacent vertebra to slide fore and aft or laterally in relation to one
another).
4.

It should spread the load into the vertebrae much in the manner of healthy

disk.
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Other preferences are that:
5.

It should be no more difficult to insert that the hardware at present used in the

operation.
6.

It should if possible use the same procedures as presently used.

7.

Once in place it should have good survivability.

8.

If anything should go wrong, it should not fail catastrophically.

9.

It should be able to be replaced by hardware used in current methods.

10. It should not have sliding surfaces that produce wear debris.
11. It should be eminently biocompatible

Whilst there have been a number of devices mooted to be used as disk replacements,
none has all of the preferences above.
An object of this invention in some of its embodiments is to meet at least several (if

not all) of these criteria and thereby provide for the surgeon and patient a realistic
alternative to spinal fusion as the method of choice for dealing with a collapsed
intervertebral disk or to at least provide an alternative.

Similarly with other joint

application.
Another object of this invention in some of its embodiments is to meet all these
criteria and thereby provide for the surgeon and patient a realistic alternative to spinal
fusion as the method of choice for dealing with degenerate intervertebral disk.
The invention in one aspect in several forms is shown (cut in half) in Figures 13
through 20.
The invention in this form comprises a tough sealed outer casing in the form of a
cushion or bellows arrangement filled with a bio compatible fluid medium (eg; liquid
andlor otherwise) possibly incorporating a gas (eg; air) cavity or gas cavities. It may
have other applications as discussed hereafter.
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BRIEF DESCRIPTION OF THE INVENTION
In one aspect the present invention consists in a load transferal device, said device
being defined at least in part by
a space confinement housing which provides spaced exterior surface adapted to bear
against surfaces of spaced members which are to have a capability over at least some
distance and some angular disposition of moving relatively towards each other and/or
angling relative to each other, and
at least one force transferring media within said housing.
Preferably said device is an implant useful for cushioning directly or indirectly bone
members.
In another aspect the present invention consists in an implant useful as a
prosthetic replacement of an intervertebral disk, said implant being defined at least
in part by
a space confinement housing which provides, as an at least in part simulation of
such a disk, top and bottom surfaces adapted (directly or indirectly) to bear at least in
part respectively on the upper and lower vertebral bodies between which it might be
interposed as an implant, and
at least one force transferring media within said housing,
wherein said housing under the influence of the confined media has a capability of
allowing said top and bottom surfaces to be angularly disposed relative to each other in
a number of different conditions (simulating those of an intervertebral disk) as a result
of an ability of the housing under diverse loadings (such as those of real or simulated
angular dispositions of proximate vertebral bodies between which the implant might be
inserted) to compact in part and substantially correspondingly expand in part.
Preferably said implant has as a motion limiting feature (one or more) to restrict the
maximum separation of said top and bottom surfaces.
Preferably said housing is in the form of a bellows or some equivalent (whether or
unitary or fabricated form). Additional implant forms could include circular, spiral,
horseshoe or banana profiles.
Preferably said housing is substantially of or is an adapt ion of a form substantially
as depicted in anyone or more of the accompanying drawings.
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Preferably said media is at least in part liquid and/or at least in part gaseous and/or a
resilient (at least in part) solid(s) material(s).
In another aspect the invention consists in the use of an implant as previously

dermed as a replacement for an intervertebral disk.
In yet another aspect the invention consists in a method of replacing an

intervertebral disk which comprises or includes at least
(if necessary) opening the annulus,
(if necessary) removing the damaged or defective intervertebral disk, or residue
thereof, and
interposing an implant as previously defined between the related proximal vertebral
bodies,
(and if possible and/or necessary and/or desirable) restoring to its functional
positioning the annulus),
(and, if the implant is not of a kind motion limited internally and/or externally ofthe
housing to itself, at any appropriate stage, motion limiting the implant to one or other,
or both, of said related proximal vertebral bodies).
In a further aspect the present invention consists in, interposed between, or for

imposition between, vertebral bodies in a spinal structure, an implant as a
prosthetic replacement of an intervertebral disk,
wherein said implant confines a force transferring media inside a housing capable
of being compressed and/or angularly distorted by the effect of proximate vertebral
bodies, whereby any such angular distortion, in part, compresses (and displaces some of
the media) and, in part, expands (under the action at least in part of displaced media),

and wherein the media assisted expansion is limited by at least one of:
(i)

motion limiters external of yet attached to the housing,

(ii) motion limiters internally of yet attached to the housing, and/or
(iii) motion limiters between each adjacent vertebral body and distal parts of the
housing or motion limiters not attached to the housing.
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BRIEF DESCRIPTION OF THE DRAWINGS
Preferred fonns of the present invention will now be described with reference to the
accompanying drawings in which
Figure 1 (two views, Figures lA and IB) shows simplified front and isometric

pictorial views ofnonnal spine anatomy and physiology,
Figure 2 shows a simplified isometric view of position of a bellows type implant in

accordance with the present invention relative to spine anatomy and physiology,
Figure 3 (shows artists renderings of the lumbar spine anatomy and physiology

(Source: Frank H Netter, MD.; Atlas of Human Anatomy; Plate 144), Figure 3A
showing the second lumbar vertebra: superior view, Figure 3B shows the intervertebral
disk, Figure 3C shows the third and fourth lumbar vertebrae: posterior view and
Figure 3D shows the lumbar vertebrae, assembled: left lateral view),
Figure 4A shows in cross section a bellows type housing in accordance with the

present invention in a relaxed mode with two motion limiting devices on opposed sides
each being in a relaxed state, and Figure 4B shows the same view as in Figure 4A but
with an angular distortion as a result of applied force in the arrowed direction which has
the effect of further relaxing the motion limiting device on the side to which the greater
force is applied until such time as the other diametrically opposed motion limiting
device pulls taut and those the forces F t apply to limit further expansion, such limitation
of further expansion ensuring there is sufficient force transferring media interposed on
the more compressed side to prevent further and excessive contraction,
Figure SA (Figures 5A and 5B) show front and isometric pictorial views of a spine

at rest with surrounding anatomy and physiology and a bellows implant (the bellows
being partly obscured in Figure 5B and an annulus comprised during insertion of the
implant being shown with no thickness for clarity in the drawing),
Figure 6 (Figures 6A and 6B) shows front and isometric pictorial views of a

deflected spine with surrounding anatomy and physiology and bellows implant, these
figures being similar to those of Figure 5 but showing the nature of the perfonnance,
Figure 7 (Figures 7A and 7B) shows front and isometric pictorial views of a spine at

rest with an externally tethered bellows implant (note the annulus has been omitted for
clarity),
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Figure 8 (Figures 8A and 8B) shows front and isometric pictorial views of a
deflected spine with externally tethered bellows implant (again the annulus being
omitted for clarity),
Figure 9 shows an isometric pictorial view of an internally tethered bellows type
implant,
Figure 10 shows an isometric pictorial view of an externally tethered bellows type
implant,
Figure 11 (Figures llA and lIB) shows front and isometric pictorial views of a
spine at rest with the vertebral bodies tethered (note the annulus has been omitted for
clarity),
Figure 12 (Figures l2A and l2B) shows front and isometric pictorial views of a
deflected spine with the vertebral bodies tethered (note the annulus has been omitted for
clarity),
Figure 13 is a simple housing form shown in section that could be used as a
compressible/expandable housing,
Figure 14 shows an alternative form to that of Figure 13 for such a housing again
shown in section, this time as a bellows type housing having a number of concertinaing
type convolutions,
Figure 15 shows a more preferred form to that of Figure 14 showing welded seams
or (if integrally formed) sharper transitions in the concertina regions,
Figure 16 is a variation of the housing of Figure 13 showing vertebral body
engagement projections,
Figure 17 shows a variation of the embodiment of Figure 13 having a plug capable
of being fitted after filling with the force transferring media,
Figure 18 is a further variation of the arrangement of Figure 13 showing how the
force transferring media can be more than a mere bio-compatible liquid in that it can
include compressible spheres or other shapes therein, such as a gas filled bubble form,
Figure 19 shows a further variation of Figure 13 where a compressible foam or like
at least in part solid(s) material(s) media is provided as the force transferring media,
Figure 20 shows how, if desired, some more resistant to compression forms can be
provided internally as motion limiting device(s), such provisions being instead of and/or
in addition to any other motion limiting in accordance with the present invention,
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Figure 21 is a plan view of bean shaped fonns, and
Figure 22 shows a device of the present invention being interposed as cushioning
below a tibial tray.

DETAILED DESCRIPTION OF THE INVENTION
This invention in one fonn is show (cut in half and without tethers) in Figure 13 and
described in detail below.
The housing in this fonn comprises a tough sealed outer casing in the fonn of a
cushion or bellows arrangement filled with a biocompatible fluid medium possibly
incorporating a gas cavity or cavities.
The housing of casing can be made of a suitable biocompatible material such as
titanium or stainless steel. The outer edge of this structure could be thin and flexible,
and may involve one or more convolutions (as for example in Figure 14) depending on
the requirements of space and flexibility.

This design is not unlike flexible metal

bellows found in steam piping. The bellows may be fonned bellows as shown in Figure
14 or edge-welded bellows, as shown in Figure 15.

All the figures show the implant being circular, because this was the easiest
configuration to draw however ideally it would be "bean" shaped.

The plan view

''bean'' shape (as in Figure 21) allows insertion from a posterior or more lateral
approach - one being inserted from each side, or two from the same.
The vertebral bodies have increasing compressive strength closer to the periphery.
Hence the geometry of the implant needs to mimic this profile to place the loads as
close as possible this higher strength material thus ensuring the vertebral body endplates
are not damaged, by the applied loads.
The ends of the structure could be thicker and might be coated (on the surfaces next
to the bond) with a suitable bioactive agent or an appropriately roughened surface, the
purpose of which is to encourage osteo-integration. They could contain barbed spikes
(Figure 16), deflectable spikes or the like, to help locate and fix them into the vertebral
bodies during insertion.
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The bellows wall may be coated
i)

Internal coating to stop interacting of housing material and fill medium.

ii) Internal coating to help retain fill medium (fluid in this case) if a crack
develops in the housing.
iii) Anodised outer surface to improve wear properties of implant should
surrounding anatomy rub against implant (example similar treatment is
applied to pacemakers).

The connection between the flexible sides and the thicker ends is suitably designed
to avoid stress concentrations.
The ends may contain an opening filled for example with a flush screwed-in cap
(Figure 17) allowing insertion after manufacture of the internal medium
The housing confmed force transferring media may take a number of fonns. In its
simplest for it could be gas (eg; air, nitrogen, C02, or the like), but this will not allow
the structure to carry much load without collapse, and, should there be a crack in the
outer casing, it would leak gas into the patient's body.
Alternatively it could be a simple liquid such as sterile saline. This would avoid the
problem of gas leakage on rupture. However it would allow collapse of the casing
structure if leakage occurred.
Having the casing completely filled with a fluid like saline would perhaps not
provide sufficient compressibility, especially ifthe casing was metal. This however can
be improved by providing a sealed plastic gas bubble or bubbles of know volume,
floating within the fluid (Figure 18). These would act as springs to any shock pressure
loadings applied to the structure, and would provide some axial flexibility to the
structure and prevent end plate overload and fracture.
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Another alternative to the internal medium could be a flexible plastic material such
as a suitable polyurethane or silicone polymer or the like.

This would have the

advantages that should cracking of the outer casing occur, the internal medium would
not leak out but would retain its function for a considerable period before plastic creep
and fretting cause problems. Compressibility of such a plastic filling could be ensured
by embedding a gas cavity within it. This gas cavity could be purposefully chosen to be
the right size and shape to give the chosen axial compressibility and rocking stiffness to
the overall structure.
Another alternative as the internal medium could be a closed-cell foam of a chosen
density (Figure 19). Again this could have the advantages that it could be chosen to
have the right resilience. Should cracking of the outer casing occur, this would not leak
out but would retain its function, like the more solid plastic media.
The various internal media could have varying stiffness properties and/or the
housing geometry could have varying sectional properties at different locations within
the disk to suit the needs of rocking and vertical stiffness, and the compression of the
bellows.
The structure could also include rigid internal buffer stops to prevent any
overloading ofthe structure (Figure 20).
A particular advantage of the structures of Figures 13 to 20 is that they emulate the
behaviour of a live disk in the respect that:
a)

it can carry large vertical loads by virtue of the fact that it has an internal fluid
under pressure (albeit a somewhat plasticised fluid),

b)

it has a small amount of axial compressibility,

c)

it is relatively flexible to rocking motions,

d)

it is very stiff to torsional motions, and

e)

it is very stiffto shear between the top and bottom surfaces.

As a result of the semi fluid interior and the internal gas cavity(s), the cushion can
be "tuned" to the required axial and rocking flexibilities by varying the stiffness of the
internal material, and varying the size, shape and location of the gas cavity(s). As disk
spaces are not always parallelograms in shape, the flexibility allows congruency.

440

A particular advantage of the structure is that it is completely enclosed within a
casing such as titanium or a suitable alloy of titanium, which has long been used as an
implant material.
Another particular advantage is that there are no external sliding surfaces producing
friction and wear debris, known particularly with plastics, to cause toxic responses
within the body.
Another advantage is that there are not titanium (or other metal) surfaces bearing on
one another. As such it avoids the potential for wear, galling and wear debris with the
titanium.
Another advantage over prior art is that this structure is relatively rigid against shear
movements between the top and bottom ends. Unlike some earlier products, this design
is able to maintain spinal stability with this feature.
Another particular advantage is that this cushion can be inserted in the same space
and with the same procedures and operations as used currently for spinal fusion
operations. In fact this design allows simpler insertion as it does not require to be filled
with the bone particles required for spinal fusion.
A further advantages are that, should the unit need to be removed, a spinal fusion
procedure can be implemented in its place - this design has not excluded a subsequent
spinal fusion operation.
Another feature is that the large loads are carried by pressure in the internal fluid
and this allows that walls of the cushion to the thin.

This means that significant

deflections can take place without raising the wall stress beyond critical values. This
means the device can be designed to have a very long life in terms of metal fatigue.
Another is that since where internal material is biocompatible and solidified it
means that if the outer titanium shell should crack, for example by fatigue or trauma, no
material comes out, and there is no toxic reaction as a result. Further, since the gas
cavity is well embedded within the plastic, no gas can escape into the body either. The
wall thickness can be varied so critical area adjacent to the disk have greater protection
in the event of a wall failure directing any extruded material away from this zone.
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A related feature is that should failure occur, the consequences are not catastrophic.
In fact that unit should still function with cracks through the thin wall. What is likely to
happen is that the cracks would eventually develop wear debris that may be rejected by
the body. The overall result is that should failure occur there is a long time available
before the implant has to be replace, if at all.
While the designs described and drawn are intended primarily for the replacement of
intervertebral disks they could also be used (with a suitable size alteration) in other
body joints such as the vertebral facet joints.

Importantly joints with complex

movements (such as the wrist and subtarsal joints) could use this implant device with
slight shape variations. It may also be incorporated under knee replacement implants or
incorporated into the tibial tray design.
Figure 22 shows a device in accordance with the present invention on a tibia below
a tibial tray (eg; of CoCr metal) which itself is preferably below, for example, a
polyethylene bearing.
Persons skilled in the art will appreciate other joint applications.
In a non medical application, i.e. industry it could be used for suspension systems,
variable if the "bubble" volume were able to be adjusted during use.
The motion restricting systems described in this document are important to the
success of the intervertebral implant for several reasons where there is no inherent
mechanism within the bellows or other housing of the implant to prevent excessive
deflection occurring. Over deflection could result in several issues, including:
a)

Bellows implant being damaged causing immediate loss, or partial loss of
function.

b)

If the level of over deflection is minor, (i.e. there is no loss of function) but
repeatedly occurs the implant life could be significantly reduced.

c)

Bone/implant interface union could be damaged.

d)

Surrounding anatomy and physiology could be damaged.

For these reasons motion-restricting systems have been developed to complement
the bellows implant and prevent over deflection.
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In the healthy lumbar spine there are several mechanisms that restrict the degree of
deflection an intervertebral disc can travel through. These mechanisms include:
a)

The surrounding ligaments and muscles groups

b)

The facet joints

c)

And the annulus

Shown in Figure 1 is a simplified pictorial VIew of the lumbar spine.

The

intervertebral disc 4 consists of two "components" the annulus 1 and the nucleus
pulposus 2 as shown in Figure 3B.
The bellows implant (as one example of a housing type) will normally be used in
situations where the annulus is damaged and often the facet joints 3 may be damaged as
well. During surgery approximately 30% of the annulus will be reflected to allow
insertion of the bellows implant. The remaining nucleus will then be removed and the
bellows implant 6 will sit in the nucleus cavity 8 surrounded by the remaining annulus
5, as shown in Figure 2.
Therefore with two of the natural deflection restriction mechanisms potentially
compromised, deflection of the bellows implant 6 must be able to controlled by adding
other mechanisms to the implant.
To date, three different motion restriction mechanisms have been considered. These
have included:
a)

Bump Stops

b)

Bellows Geometry

c)

Tethers

Bump stops limit the maximum distance a mechanism can travel through. The
bump stops may be configured as shown in Figure 20, they may in either or both
internally or externally of the bellows cavity.
The bump stops may be singular, plural, or continuous.
This method consists simply of two surfaces that come into contact when the
maximum travel is reached. This method has the advantage of being very simple.
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If the implant introduces a shearing motion when deflected, the bump stop surfaces
will produce wear debris as they make contact.

As the bellows implant will not

introduce any shear motion, such wear debris would not be produced.
If the bump stops were situated within the housing cavity wear debris generation
issues would be further minimised ; as any such debris would be contained within the
housing and would not able to make contact with the surrounding anatomy and
physiology.
Such bump stops could also be designed to incorporated cushioning, reducing any
impact loads as the bump stops come into contact.
Bump stops have been used in several intervertebral disc implants including Kostuik
et al (US Patent: 4,759,769).
The maximum deflection of the implant could also be controlled by the bellows
geometry. Factors such as the bellows thickness, convolution pitch and convolution
height all affect the level of deflection which results from an applied force. Therefore
the bellows could be engineered to meet a specified maximum deflection.
Welded edge bellows as shown in Figure 15 also offer the advantage of being able
to deflect without incurring damage until the convolutions contact, or become "bound",
once bound no further deflection can occur.
This method would require a specific bellows for each patient based on his or her
age, weight, muscle strength etc. Also the geometry of the bellows affects the peak
stress the bellows experience and this stress in tum affects the life span of the bellows
implant.
Tether systems are our favoured method for restricting the deflection ofthe implant.
Preferably there is a plurality oftethers.
Preferably said tethers are external of said housing.
Alternatively said tethers are internal of said housing.
In other forms the tethering can be distinct from the implant ie can be from one
proximal vertebral bodies to the other.
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In yet a different embodiment, (less preferred) there is a plurality of tethers with one
or more attached to the housing towards one said surface for subsequent attachment to a
vertebral body distal to said one said surface, and with one or more attached to the
housing towards the other said surface for subsequent attachment to a vertebral body
proximal to said one said surface.
Preferably said tethers are flexible ties that span between its existing or intended
attachments so as not to provide any substantial fetter on compaction.
Preferably said tethers are flexible so as to not provide any substantial fetter on
compaction.
Tether systems have been used in some conceptual intervertebral disc implant
designs including Xavier et al (US Patent 6,063,121). It should also be noted that
Kostuik et al (US Patent 4,759,769) also used tethers to prevent excessive extension of
their implant.
Tether systems work by taking advantage of the incompressible fluid within the
bellows or other implant. See Figure 4A. As the implant deforms one side of the disc
implant is compressed as in Figure 4B and at the least in part media inside the implant
(eg; perhaps an incompressible confined liquid) is forced to the other side of the
housing. This movement of the fluid 11 places the other side of the implant in tension.
Around the periphery of the implant housing 9, or close to it, are fixed length tethers 10.
As the disc deforms the tether 10A on the compressed side of the disc becomes relaxed
and the tether 10B on the other side of the disk are placed in tension. When the tether
10B in tension becomes taut it stops any further skewing motion of the housing. Hence
by controlling the length of all tethers 10 the maximum deflection on the opposing side
can be fixed.
Tethers could be a continuous ring around the entire circumference (periphery) of
the implant housing (i.e. not just discrete tethers) and hence the terms "at least one
tether", "one or more tethers", etc encompasses such variations.
Several tether systems have been developed as an example which use this principle.
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USE OF SURROUNDING ANATOMY TETHER

This method of restricting motion requires no additions to the bellows implant and
relies on the surrounding anatomy and physiology to limit deflections. In a healthy
lumbar spine the annulus, facet joints, surrounding ligaments and muscles naturally act
to restrict motion; hence this method is a continuation of this philosophy.
During insertion of the implant approximately 30% the annulus would have to be
reflected however where possible the remainder of the annulus would be preserved.
The remaining annulus, facet joints etc would then be relied on to continue
protecting the implant and anatomy and physiology from over deflection using the
tether system as detailed in respect of Figures 4A and 4B.
This tethering system has the advantages of not adding complexity to the bellows
implant design and using the patient's anatomy and physiology to the implants
advantage. The potential problems with this method are that it may place unnecessary
stress on the annulus, which will have already been weakened during implant insertion.

EXTERNALLY TETHERED BELLOWS

The bellows implant could be altered to include bands or a continuous ring of
material around the outside of the bellows. These bands or ring would consist of a
flexible, non-stretching material anchored to the implant. The length of the bands could
be set at the time of manufacture to provide the required levels of deflection.
As for the previous method of tethering the bellows, "the surrounding anatomy and
physiology tether", the majority of the annulus would be left intact. In the views shown
below the remaining annulus has been omitted for clarity.
Advantages of this system include, no reliance on the annulus to restrict movement,
easy access to tether and the possibility of using the ring of material as a secondary fluid
containment system, should the bellows fail. Disadvantages of this system include the
need for the tether material to be biocompatible.
As the tether is not anchored to the bone if the patient continues to bend after the
tether has become taut the vertebral bodies may separate from the implant damaging the
implantlbone union. This separation of the implant and vertebral bodies is unlikely to
occur though as the remaining annulus and ligaments will continue to limit deflection to
safe levels as detailed previously.
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INTERNALLY TETHERED BELLOWS

The bellows implant design could also be altered to include bands or a continuous
ring of material on the inside of the bellows. These bands or ring would consist of a
flexible, non-stretching material anchored to the inside ofthe implant.
The internally and externally tethered bellows are inserted in an identical fashion.
Hence the at-rest and deflected views of the internally tether bellows are very similar to
the external tethered bellows shown in Figure 7 & 8.
Partial cross-sections of the internally and externally tethered bellows are shown
below, as can be seen from these figures the implants are identical apart from the
placement of tether.
Advantages of internal tethers include, the tether material need not be biocompatible
and the possibility of using the ring of material as a system to contain the majority of
the fluid should the bellows fail.
The major disadvantage of this tether system is increased difficulty accessing the
tether material making construction potentially more difficult.
Once again as the tether is not anchored to the bone if the patient continues to bend
after the tether has become taut the vertebral bodies may separate from the implant
damaging the implantlbone union. This separation of the implant and vertebral bodies
is unlike to occur though as the remaining annulus and ligaments will continue to limit
motion to safe levels.
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INDEPENDENT TETHER

This method of tethering the implant in effect recreates the annulus by fixing the
tether rigidly to the vertebral bodies or other parts of the patients anatomy and
physiology. This tether system would therefore prevent the patient from over deflecting
hence removing the risk of the vertebral bodies separating from the implant and hence
damaging the implantlbone union.
This method of tethering the implant would however dramatically increase the
complexity of inserting the implant. The surgeon would be required to staple the tethers
onto the vertebral bodies in the correct places and with the correct length of tether in
each position. Due to lack of access to the lumbar spine anatomy during insertion of the
implant, independent tethers could only be used to reinforce the reflected annulus.
Independent tethers could also be used in conjuection with internally or externally
tethered bellows, with the same restriction above.
It should be noted that the positions of the tethers on the periphery of the vertebral

bodies in Figure 11 & Figure 12 are purely schematic and the tethers could be placed in
other positions.
Suitable biocompatible tethering or other materials include any of those disclosed in
the aforementioned patents. Attachment thereof to a housing can be by adhesion (eg;
with a biocompatible adhesive) or otherwise. Attachment thereof to bone can be by
adhesion, or screws, etc. See again aforrnentioned patents.
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CLAIMS
1. A load transferal device, said device being defined at least in part by
a space confinement housing which provides spaced exterior surface adapted to bear
against surfaces of spaced members which are to have a capability over at least some
distance and some angular disposition of moving relatively towards each other and/or
angling relative to each other, and
at least one force transferring media within said housing.
2. A device of claim 1 which is an implant useful for cushioning directly or
indirectly bone members.
3. An implant useful as a prosthetic replacement of an intervertebral disk, said
implant being defined at least in part by

a space confinement housing which provides, as an at least in part simulation of
such a disk, top and bottom surfaces adapted (directly or indirectly) to bear at least in
part respectively on the upper and lower vertebral bodies between which it might be
interposed as an implant, and
at least one force transferring media within said housing,
wherein said housing under the influence of the confined media has a capability of

allowing said top and bottom surfaces to be angularly disposed relative to each other in
a number of different conditions (simulating those of an intervertebral disk) as a result
of an ability of the housing under diverse loadings (such as those of real or simulated
angular dispositions of proximate vertebral bodies between which the implant might be
inserted) to compact in part and substantially correspondingly expand in part.
4. An implant of claim 3 which has one or more motion limiting feature to restrict
the maximum separation of said top and bottom surfaces.
5. An implant of claim 4 wherein said implant confines a force transferring media
inside a housing capable of being compressed and/or angularly distorted by the effect of
proximate vertebral bodies, whereby any such angular distortion, in part, compresses
(and displaces some of the media) and, in part, expands under the action at least in part
of displaced media),
and wherein the media assisted expansion is limited by at least one of:
(i) motion limiters external of yet attached to the housing, and/or
(ii) motion limiters internally of yet attached to the housing.
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6. A device of claim 3, 4 or 5 wherein said housing is in the form of a bellows or
some equivalent (whether or unitary or fabricated form).
7. A device of claim 6 wherein said housing is substantially of or is an adaption of
a form substantially as depicted in anyone or more of the accompanying drawings.
8. A device of anyone of claims 4 to 7 said media is at least in part liquid and/or at
least in part gaseous andlor a resilient (at least in part) solid(s) material(s).
9. The use of an implant dermed in anyone of claims 4 to 8 as a replacement for
an intervertebral disk.
10. A method of replacing an intervertebral disk which comprises or includes at
least
(if necessary) opening the annulus,
(if necessary) removing the damaged or defective intervertebral disk, or residue
thereof, and
interposing an implant as defined in anyone of claims 4 to 8 between the related
proximal vertebral bodies,
(and if possible and/or necessary and/or desirable) restoring to its functional
positioning the annulus),
(and, if the implant is not of a kind motion limited internally and/or externally of the
housing to itself, at any appropriate stage, motion limiting the implant to one or other,
or both, of said related proximal vertebral bodies).
11. Interposed between, or for imposition between, vertebral bodies in a spinal
structure, an implant as a prosthetic replacement of an intervertebral disk,
wherein said implant confines a force transferring media inside a housing capable

of being compressed and/or angularly distorted by the effect of proximate vertebral
bodies, whereby any such angular distortion, in part, compresses (and displaces some of
the media) and, in part, expands (under the action at least in part of displaced media),
and wherein the media assisted expansion is limited by at least one of:

(i)

motion limiters external of yet attached to the housing,

(ii) motion limiters internally of yet attached to the housing, andlor
(iii) motion limiters between each adjacent vertebral body and distal parts of the
housing or motion limiters not attached to the housing.
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ABSTRACT
An implant useful as a prosthetic replacement of an intervertebral disk which

consists of a housing providing at least a part simulation of a disk yet containing a force
transferring media. The housing is in the form of a bellows or equivalent structure
preferably restricted as to maximum separation between those surfaces of the housing to
be in contact with the proximate vertebral bodies thereby to limit angular distortion
under the effect of the proximate vertebral bodies.
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Appendix 10 - Femoral Endoprosthesis Conceptual
Designs
Numerous sketches were generated during the development and detail design of the
femoral endoprosthesis as discussed in Chapter 10. A few of the more significant
concept sketches are shown in this appendix.
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The concept sketches shown in Figure Al 0.1 show the development of tee cross section
for the endoprosthesis body. The first concept sketch Figure Al O. I (a) requi red a broad
slot to be cut in the femur to accommodate the tee web.

As the cross-section was

refined the tee web was reduced in width as shown in Figure Al 0.1 (b).

A concave

flange design, shown in Figure A I 0.1 (c), was developed which would wrap around the
remaining bone stock, however this was rejected due to problems associated with
The cross section shown in

modelling and manufacturing such a structure.

Figure AIO.l(d) is most similar to the final design. Tt features a right angle relationship
between the web and flange faces and a small transition curve between the web and the
flange.

,

I I

.-'l.

I

IU)
(b)

(0)

(c)

Figure A J0.1 Cross sec/ion sketches.
(a) Inirial/ee cross secliOIt

(b) Tee cross section wirh reduced web thickness.
(c) Tee cross .Iec/ion Wilh

0

("nncavejlonge

/0

wrap arolllld the remaining bone slock.

(d) Final tee cross section.

(d)
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Figure Al 0.2 shows the one of the first concept sketches of the endoprosthesis body.
Several versions of the femoral endoprosthesis profile were developed, however the
fi nal design selected was simi lar to this sketch . Note this sketch shows screws for the
hip and knee connections.

Figure A 10.2 First end{)prost/Jesis concept sketch.
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Several endoprosthesis designs were developed which allowed a tri-fm nail, identical to
the one already implanted in the patient's hip, to be used. Sketches of these designs are
shown in Figure AIO.3. These designs were ultimately rejected though as tri-fin nails
were found to have insufficient strength to bear the patients full weight over an
extended period of time. There were also wear debris, fretting and manufacturability
concerns with these designs.

:,

~)'''Q
1,--e~.J-1,

-.~ "~l'\'-"

v=-

~",J',

~C110N ~.f1
~\~

Figure AlO.3 Endoprosthesis designs/or retaining a tri-fin nail.
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Figure Al 0.4 shows some of the hip screw retention systems considered. The tinal
solution adopted was Idea 2. Although this concept required a boss on the outer face of
the endoprosthesis body it was felt that this was the simplest, most secure design which
also minimised any potential wear debris issues .
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Figure A 10.4 Endoprosthes;s designs/or retain the hip screw.
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Appendix 11 - Femoral Endoprosthesis Drawings
This appendix contains engineering drawings of the femoral endoprosthesis detailed in
Chapter 10. These drawing detail the following components.

General Assembly
Endoprosthesis Body
Hip Screw
Knee Screw
Locking Plug
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The End

