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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 still 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 abnormal 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 formed by melting the parent material until it fuses

without the addition of filler material.

Autograft Bone — Bone transplanted from one pﬁrt to another partbf 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 forms the outer surface of bone.
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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 adjacent 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.
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Lordosis — Curvature of the spine with the convexity forward. Not a disease state, but

the normal 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 form 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 of forming bone in the body.

Osteogenesis Imperfecta — A genetic disease characterized by abnormal brittleness of

the long bones.

Osteolysis — The abnormal 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.
SLLA — 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
prototyping machines. It consists of a list of triangular surfaces which describe a

computer generated solid model.
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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 Malalignment — Bowing of the femur(s) sometime referred to colloquially as
‘bandy legs’. This condition can be cansed 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 BioModelliﬁg techniques. 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.






Part A

Development of an Intervertebral Disc Implant
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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. 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 vertebral level(s).
Normal\ﬁ £ ‘
Disc , - B
Degenerated |
Disc -
Bulging\du‘_r
Disc . g )

Herniated
Disc

Thinning
Disc

Disc
Degeneration
with Osteophyte
Formation

Figure 1.1 Common intervertebral disc problems.

[Source: http./fwww.spineuniverse.com/displayarticle.php/article! 523.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 States® and that in

2000 the US spinal market was worth an estimated $US910 million'.

Prior to Sir John Charnley revolutionizing modern orthopaedics with the development
of the total hip replacement the long term prognosis for patients suffering from
degenerative hip disease was also poor’. 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 References

1. Biomet 2000 Annual Report. Biomet Inc, [cited Mar 2003]. Available from
http://www.biomet.com/investors/2000annual/mktreview.html.
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Spine Procedures United States 1990 to 1997. American Academy of
Orthopaedic Surgeons, Updated: 26 May 2000 [cited Mar 2003]. Available from
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3. Charnley J, Total Hip Replacement. Journal of the American Medical
Association (JAMA), 1974. Vol 230 (7): pp 1025-1028.

4, Williams K D, Park A L, Lower back pain and disorders of intervertebral discs,
in Canale S Terry (Eds). Campbells Operative Orthopaedics, 2002, Elsevier
Science. pp 1955-2028.



Chapter 2 — Anatomy & Physiology of the Lumbar Spine

2.1 Vertebral Column

The vertebral column is formed 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 termed
false or fixed vertebrae because in adults they are united with one another forming 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 Left Lateral View Posterior View
' C1— c1
C2—
c2
Cervical
Vertebrae
c7
S 1
T1
L_ Thoracic
Verntebrae
TiZ—F
> Lumbar
Vertebrae

Coceyx

Figure 2.1 Vertebral column.
[Source: Plate 142 Netter'’]



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. Sometimes the
horizontal plane is also referred to as the transverse plane. 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.

Sagitial ™
Rolation

Coronal
"%, Translalion

Sagitlal
Translation

Horizontal
Translation

Horizonlal
Plane

Coronal
Hotatlon

i «. Horizonlal
"%, Rotation

Coronal
Plane

Sagittzl
Plane

Figure 2.2 Planes and direction of motion: Anatomical system.

[Source: Bogduk et al']

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.
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Figure 2.3 Axes and directions of motion: Biomechanical system.

[Source: Bogduk et al']

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.



Table 2.1 shows the comparative terms for both the anatomical and biomechanical

systems along with the colloquial description of each term.

Anatomical System Biog;szf::ical Colloquial Description
Anterior sagittal +Z translation Forward Slide or Glide
Z Posterior sagittal -Z translation Backward slide
'% Cephalad coronal +Y translation Longitudinal or Axial Distraction
—g Caudal coronal -Y translation Longitudinal or Axial Compression
a 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”
g Left coronal -Z rotation Left Lateral Bend
® Right coronal +Z rotation Right Lateral Bend
a Left horizontal +Y rotation Left Axial Rotation
Right horizontal -Y rotation Right Axial Rotation

Table 2.1 Descriptive terms of motion.

[Source: Bogduk et al’ ]

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 1.1 and the lower most vertebrae labelled LS.

Between each adjacent pair of vertebrae there are three joints. The intervertebral disc is
sited between the vertebral bodies. The zygapophysial 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 L1 and L2 is referred to as L1-2. Individually the
zygapophysial joints can also be specified this way, e.g. the ‘left L1-2 zygapophysial

joint’.

Figure 2.4 shows the lumbar vertebrae and associated joints with their nomenclature.

Supenor Articular Process

Left LI-2
—~— - 2y v si
TR (8 _ Zygapophysial
. X < Joint
Vertebral Body — T L1 #4," i
by .
Interventebral —— ’ 3
Disc (L1-2
L3
L4
A
!
L4-5
.
> v Inferior
Articular
Process

Figure 2.4 Lumbar spine vertebrae, intervertebral discs and zygapophysial joints.

[Source: Plate 144 Netter'’]
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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 S1 to S5. The intervertebral disc between
the L5 and the lumbosacral articular surface of the sacrum is referred to as L5-S1. 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.

Base of Saqum
L= & Facets of Superia
f Artcular Processes
Lurmbosacal \
Articdar Surface

Superior

Articylar Process /\

Auricular 3 ourface—L ‘

Caccyx y
| &7

Pelvic surface Dorsal 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 Vertebrae

241 Components
The vertebrae can be broken down into three components based on function. These
components are the vertebral body, pedicles 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 main features of the vertebral body and associated

nomenclature,
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Figure 2.6 Parts of the lumbar vertebrae.
[Source: Bogduk et al']
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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)

(@)
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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 instead filled with vertical and transverse
trabeculae (c) which prevent buckling of the outer cortical shell (d).

[Source: Bogduk et al'}

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.

Cortical Bone
Shell

Trabeculae

Figure 2.8 Vertebral spongiosa and veins.

[Source: Plate 159 Netter'®]
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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 élso form two boundaries of the vertebral foramen and intervertebral

foramen as shown in Figure 2.9.

Zygapophysial / ! In.tervertebral Disc

Joint

Vertebral Foramen
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Intervertebral
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(a) (b)
Figure 2.9 Vertebral foramen and intervertebral foramina.
(a) Top view.
(b) Right lateral view.
[Source: Bogduk et al’ ]
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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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Figure 2.10 Posterior elements of the vertebral body.
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{a) Posterior view,
(b) Left lateral view.
[Source: Bogduk et al']

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 arm 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’.

As previously mentioned the superior and inferior articular processes form 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 Intervertebral Disc

2.5.1 Components
The intervertebral discs consist of three parts the annulus fibrosus, nucleus pulposus and

the vertebral endplates, as shown in Figure 2.11.

Vertebral EndP late

Annulus
Fibrosus

Ring Apophysis

Figure 2.11 Structure of the intervertebral disc.

[Source: Bogduk et al']

2.5.1.1 Annulus Fibrosus

The annulus fibrosus is constructed from 15 to 25 layers of collagen fibres’. 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 (0) is normally 65° to the left and those in the next layer are
otientated 65° to the right”"'®,

I

Figure 2.12 Detailed structure of the annulus fibrosus.
[Source: Bogduk et al’ ]
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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 incomplete’. 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 of the annulus fibrosus,
[Source: Bogduk et al’ ]

The lamellae increase in size towards the centre of the intervertebral disc’. 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 portion’.

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 anmulus fibrosus®'’. 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™®,
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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'>!’.

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 disc>'>!*, However, Inoue® and Coventry” 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
fibres>'®. This seamless merging of the annulus fibrosus fibres and vertebral endplate
fibres results in a strong bond between the two®, 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 bone’.

These structures are illustrated schematically in Figure 2.14.

Vertebral Endplate

Annulus
Fibrosus

Ring Apaphysis
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 al']
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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 fibrosus and nucleus pulposus interaction under applied load,
Compression raises the pressure in the nucleus pulposus, which in turn exerts a radial pressure on the
annulus fibrosus and an axial pressure on the endplates. The annulus fibrosus and endplates resist this
pressure and prevent expansion of the nucleus pulposus.

[Source: Bogduk et al']

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 annulﬁs fibrosus alone is
capable of supporting virtually the same load as an intact intervertebral disc!?®.
However if an isolated annulus fibrosus is loaded in compression for a sustained period

of time, it will deform and buckle.

Markolf et al® 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

},

Figure 2.16 Annulus fibrosus and nucleus pulposus weight bearing mechanisms.

illustrates these two load carrying mechanisms.
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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 al']

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 turn 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 al']
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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 postertor 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.

Nucleus

Pulposus

Figure 2.18 Bending of the intervertebral disc.
[Source: Bogduk et al 1
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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 kPa’. This rise in pressure has

been observed to be constant regardless of the applied load.

However, larger increases in 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 bending'.

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 hal% 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 al']



26

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 zygapophysial

joints prevent such shear from occurring and also prevent axial rotation.

Body Weight

Figure 2.20 Zygapophysial joints resist shear loads.

Construction

The zygapophysial 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 zygapophysial joints.
(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 of theL3-4 zygapophysial joints showing the curvature of the articular facets in the
transverse plane. Note: I = Interior articular process of L3, S = Superior articular process of LA.

[Source: Bogduk et al']

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.

(b)
Figure 2.22 Flat zygapophysial joints.
(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 al']
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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 ‘]’ 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 zygapophysial joints.

(a) Curved zygapophysial joints have a large contact area to resist forward translation,
(b) The curved contact area also provides resistance to axial rotation.

[Source: Bogduk et al']
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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'.

i

Iy

(a) (b)
Figure 2.24 Impaction of the zygapophysial joints.
(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 al']
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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.

Figure 2,25 Lumbosacral angle.
[Source: Bogduk et al! ]

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-S1) is wedge shaped, with the anterior height 6-
7 mm greater than the posterior height'>, The L5 vertebral body is also wedge shaped
with an anterior height approximately 3 mm greater than the posterior height’. 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).

Vertebral
Body

Intervertebral
Foramina

Pedicle

Dorsal Root

Dural Sleeve

Spinal Nerve

Ventral Ramus

Intervertebral
Disc

Dorsal Ramus

Figure 2.26 Spinal nerves.
(a) Spinal nerves and intervertebral foramina. [Source: Plate 147 Neuter'®]

(b) Schematic view of the dura, ventral and dorsal ramus. [Source: Bogduk et al']
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Immediately past the intervertebral foramina the spinal nerves divide into branches
called the ventral and dorsal ramus. Generally speaking the lumbar 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 formina 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 Vertebral Body

Sinuvertebral nerve

Posterior Longitudinal
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Ventral Ramus
Dorsal Ramus
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Dural Sac

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 al']
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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 turn 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 longitudinal ligament 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'"'7. As
these changes occur, the differences between the annulus fibrosus and nucleus pulposus

also become less distinct!”.

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’. 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 increase”"”.

With increasing age the strength of the endplates also decreases's. 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 strength”'!, 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

418 The loss of range of movement has been measured in

and increasing hysteresis
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, S1) 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

alone®,

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.



39

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 discitis,

torsion injuries and internal disc disruption.

Discitis

Tatrogenic 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'.
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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) (b) (c)

Figure 2,28 Torsion injuries.

(a) Twisting of vertebrae around normal axis of rotation.’ .
(b) When the zygapophysial joint impacts, the centre of rotation shifts, placing addition stress on the
annulus fibrosus and opposing zygapophysial joint.
(c) This can result in fracture of the articular facets or tearing of the zygapophysial joint capsule.
(d) Alternatively the annulus fibrosus may tear circumferentially.

[Source: Bogduk et al']
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Internal Disc Disruption
Disruption of the intervertebral disc internal architecture can take several forms, 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.

(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 radial fissures in the annulus fibrosus (c). Ultimately if the
radial fissures extend far enough the degraded nucleus pulposus may herniate (d) if the intervertebral
disc is subjected to sufficient load.

[Source: Bogduk et al']
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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 annulus fibrosus. Grade ‘1’ disruptions extend to the inner third of the
annulus fibrosus. Grade ‘2’ disruptions extend to the outer third of the annulus fibrosus. Grade ‘3’
disruptions also extend to the outer third of the annulus fibrosus and spread between the lamellae.

[Source: Bogduk et al’ ]

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, deformity, 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 aﬂd
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 forms, 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/postertor axis.

Figure 3.1 Titanium mesh gage packed with autogenous cancellous bone.

[Source: http://www.spineuniverse.com/displayarticle.php/article 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:/fwww. spineuniverse.com/displayarticle.php/article1670.htmi]
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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
BAK/L™ Implant and the LT-CAGE™. 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 3.4(b).

Figure 3.3 BAK/L™ implant.
(a) Singular BAK/L™ Implant. [Source: www.sulzerorthoeu.com]
(b) Model with two BAK/L™ implants situated in L4-5 disc space.

[Source: hup://www.spine-ctsi.com/cages.htm]

22001 Ssealronic

(a) (b)
Figure 3.4 LT-CAGE™,
(a) LT-CAGE™ shown with INFUSE™ Bone Graft Material.
(b) Schematic showing LT-Cage™ placement in L5-S1 disc space.
[Source (a): hitp://www.back.com/article-infuse-surgical hitml?infusebox=yep]

[Source (b): hitp://www.spineuniverse.com/displayarticle.php/article] 523. html]
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Regardless of which type of interbody spacer is used they are normally packed with and
surrounded by bone cement or more preferably bone grafts. Bone graft material is
normally 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 forming 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 normally 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 result®'?.
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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™ Polyaxial pedicle screw fixation system.
(a) Ovation™ Polyaxial System showing a poly-axial screw, trial cap and outer ring assembly.
(b) Ovation Versalink™ system in-situ on model.

[Source: htip:/fwww.osteotech.con/prodpoly2.him]

(b)

Figure 3.6 Claris pedicle screw fixation system.

(a) Schematic view of Claris pedicle screws in-situ.
(b) Claris Titanium Instrumentation on a lumbar spine model.

[Source: http://www.eurosurgical.com/Claris.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'”. 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 (ALIF) 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 ALIF 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 ALIF can also collapse under the
compressive loads applied to the lumbar spine. Therefore ALIF 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.

[Source: http://www.spineuniverse.com/displayarticle.php/article] 670.html]
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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 sh‘ipped 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 Retraction
be followed of Dura
by placement

of the cage)

. Resection of Facets
and Lamina

Figure 3.9 Retraction of the nerve roots to facilitate posterior interbody fusion.

[Source: http:/fwww.lajollaspine.com/PatientCare_MinimallyInvasive.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

.1
fusion'?

. 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 outcome’.
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3.2.3 Transforaminal Lumbar Interbody Fusion

Transforaminal Lumbar Interbody Fusion (TLIF) 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 3.10Q 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 Magerl
fixation technique. The two translaminar screws are clearly visible.

[Source: http://www.orthospine.com/tutorial/spinal_decompression. htmi#6]

Recently TLIF 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.”

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 ALIF or PLIF
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®'*!" %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 patients3’5’8’1°’11’15’16. 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, if bone grafts are used.

Lehman et al'® 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®'®.

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 adjacent segments after fusion®.

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, Kostuik®" 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.

41,1 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 statioﬁary the head, toréo and arms apply
vertical loads on the lumbar spine segments. These masses represent between 50 and 58
percent of the patient’s total body weight!?**#*. 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
lifting*®.  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%2" percent of the vertical
load, to the zygapophysial joints carrying none of the load provided the lumbar spine is
placed in slight flexion’. 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

7405152 and healthy volunteers'”*#4%% " Studies which

studies™, cadaveric specimens
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.

Lateral Flexion Axial Study
Source Flexion | Extension Rotati Tone
Left Right otation ype
Shirazi-Ad]> 7° 6.5° 6.2° 6° - Theory
Schultz et al™**' | 5.5° 3° 5° 5.6° 1.5¢ Cadaver
Yamamoto® 8.9° 5.8° 5.5° 5.9° 2.2° Cadaver
Pearcy et al*>* 13° 2° 3° 5° 1.5° Volunteer
Pearcy™ 13° 3° 3° 3° 1° Volunteer
Dvorak'’ 18.2° 9.5° - Volunteer

Table 4.1 Mean values of range of motion of L4-35.

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 post-
mortem 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'® the design ranges of motion for the

intervertebral disc implant were set as shown in Table 4.2.

Motion Design ROM
Flexion 8°
Extension 2°
Left Lateral Flexion 5°
Right Lateral Flexion 5
Axial Rotation 0°

Table 4.2 Design range of 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 (IAR), 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().

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)*.
As Kostuik®® 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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{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 of motion.
(¢) The mean location and distribution of IAR for a healthy [umbar spine. The central dot depicts the
mean location, the outer ellipse depicts the two standard deviation range.

[Source: Pearcy M J, et al’ 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 years'. To
reduce the trauma to the patient, it is desirable that the number of surgical operations
required be kept to a minimum. As Kostuik®! stated “the disc prosthesis should last for
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 cross-
referenced 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*” studied the level of flexion that
occurred in the whole lumbar spine when performing 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°).

Kotivity Peak Flexion Angle Percentage of
a (deg) 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 of normalised flexion for four daily activities.

[Source: Hsieh et alJO]

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 normal'®. 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.

Angular Deflection
Motion Source
Whole Spine Per Level

30 <]° Taylor56
Flex/Ext s

3-4° s[® Callaghan

2-4° e Whittle®'

Lateral 8-12° 228 Taylor™®
1-2.5° «]° Callaghan'®

2-4° =] @ Whittle®'

Axial 6:3° =]® Taylor*®
2-3° <1® Callaghan"

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 Mean (SD) Rotation (degrees) | Mean (SD) Translation (mm)
Level Sagittal \ Coronal Axial Sagittal | Coronal Axial

L1 8(5) 1(1) 1(1) 3(1) 0(1) 1(1)

- L2 10 (2) 1(1) 1 (1) 2(1) 1(1) 1(1)
'é L3 lé(l) 1(1) 1(1) 2(1) 1(1) 0(1)
2 L4 13 (4) 2() 1(1) 2(1) 0(1) 0(1)
LS 9 (6) 1(1) 1(1) 1 (1) 0(1) 1(1)

L1 5(1) 0() 1(1) 1 (1) 1(1) 0()

5 L2 3(D) 0() 1(1) 1(1) 0(1) 0(1)
g L3 1(1) 1(1) 0(1) 1(1) 1(1) 0(1)
S L4 2(1) 1 (1) 1 Q) 1 (1) 01 | 1(1)
L35 5(1) 1(1) 1(1) 1(1) 1(1) 0

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

Given these activity ranges of motion the final fatigue specification would ideally be
determined 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 normally focuses on one activity and

[Source: Bogduk N, et al'’)

gives a deflection range but no frequency value.

Therefore in order to determine 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.




T ) Number of Angular Deflections per Day
Activity (IIIITSL) (l[\l;;::) ( 1!:;;:);::) ”:;: til;:‘) Flexion Extension Lateral Axial
1° 2° 5° 8° 1° 2 1° 5° 1°
Sleeping 8 480 0 0 0 0 0 0 0 0 0 0 0
Walking 1 60 80 4800 4800 0 0 0 4800 0 4800 0 4800
Sitting 12 720 20 240 0 0 240 0 0 240 0 0 0
Standing 2 120 0 0 0 0 0 0 0 0 0 0 0
Running 0.25 15 120 1800 0 1800 0 0 1800 0 1800 0 1800 Total
Sig Bending | 0.75 45 100 75 0 0 0 75 0 75 0 75 75 per Day
Totals 24 1440 - 6915 4800 | 1800 240 75 6600 315 6600 75 6675 | 27180
Flexion Total 6915

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

€L
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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 determined.

Required l-)eﬂection Percentage Numhq of Deflections
(Flexion) = over 40 years
1 degrees 69.5% 70 M
2 degrees 26.0% 26 M
5 degrees 3.5% 35M
8 degrees 1% 1M
Total 100.5 M

Table 4.8 Fatigue requirements of implant in flexion 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®'.
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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?.

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 resorption*®**. 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.

Kostuik™ also identified that “Galvanic corrosion is a concern if dissimilar metals are

used”.
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41.6 Geometry
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 L5-S1 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 al! ]
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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 diameter>>**%’. These intervertebral disc wedge angles were typically reported
for the spine in a neutral or un-deflected position. The L5-S1 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 L1-2 to L4-5 as

shown in Table 4.9. Figure 4.2 illustrates the wedge angles for the L4-5 and L5-S1

intervertebral discs.

Wedge Angle (Degrees)

Level
Range (Deg) Mean (Deg)

L1-2 67-11.3 9
L2-3 5.1-11.0 9.2
L3-4 55-13.6 10.4
L4-5 104 -144 12.0
L5-S1 12.2-15.4 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 pre-
deformation 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 to the spinal column and load is applied, the
tapered endplétes may cause the implant to displace anteriorly, effectively
gjecting 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.

i

\..“8

Figure 4.3 Ejection of the implant from the disc space.
The angular relationship between the vertebral bodies may result in an implant being ejected from the
disc space when load is applied. Retaining the anterior portion of the annulus fibrosus will prevent this

Jrom occurring.
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Therefore to preserve these natural load carrying, 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 radiograph524’28’42,
cadaveric specimens’, CT and MRI scans’. Figure 4.4 shows the vertebral body
parameters that are normally measured. 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 S1, 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 mm. The sagittal diameters reported range between 27-45 mm with an

average of 35 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 mm thick, and the
posterior portion is significantly thinner at 3-5 mm thick. Therefore the sagittal diameter

of the implant should not exceed 25 mm.

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 mm thick, the transverse diameter should be less than 35 mm.

Superior Endplate

Inclination 2

Diameter

3 ./ Inferior Endplate
S 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 al*? reported a constant inclination of approximately 1.3° 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®. The underlying vertebral cortical bone has
also been found to have regional variations, with the strongest points closest to the

pedicles®*.

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

32

vulnerable to compression . 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 joints!,

The height of lumbar intervertebral discs has been studied by several researchers, using
lateral radiographs, MRI and CT scans®**°’. 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.
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Projections

Kostuik®! 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 final 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) S )

Figure 4.5 Allowance for 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 of the 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

Kostuik®" 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 of physiological stiffness in flexion and extension was

deemed a critical aspect of design and a significant first step toward duplication of joint

stiffness ”.

Reported values for the stiffness and maximum load properties of healthy intervertebral

discs are shown in Table 4.10.

Testing Stiffness Maximum Spine Region Reference
Condition Coefficient Load Measured
Compression 2.5 MN/m 4500 N Lumbar Virgin®
2.3 MN/m 5300N Lumbar Brown et al'?
1.8 MN/m 1800 N Thoracic & Lumbar | Markolf*’
Tension 1.0 MN/m 1800 N Thoracic & Lumbar | Markolf*’
Shear 0.26 MN/m 150N Thoracic & Lumbar | Markolf*’
Flexion 2.0 Nm/deg 7 Nm - T7-8/L3-4 Markolf*®
Extension 2.6 Nm/deg 7Nm T7-8/L3-4 Markolf*®
Lateral Bending | 1.7 Nm/deg - Lumbar Yamamoto®
Axial Rotation | 4.0 Nm/deg 8 Nm Lumbar Farfan et al*

Table 4.10 Average stiffness coefficients from representative functional spines.

If the stiffness of the intervertebral disc implant is significantly lower than the naturally
occurring 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-term 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.

Kostuik®' 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 in-

growth”.

Consultation with an orthopaedic surgeon'® 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-term 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

Kostuik®' 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.



4.1.10 Specification

Table 4.1 shows the final specification for the intervertebral disc implant.
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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.

ftem

Importance

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

Motions Requirements
Flexion: 8°
Extension: 2°
Lateral bending: =+5°
Axial rotation:  <1°
Match physiological stiffness

Features to prevent ROM and stiffness misalignment

Prevent excessive deflection

Material Properties
Biocompatible material
Minimise wear debris generation

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

Design Requirements
40 year (100 million cycle) lifespan
Not fail catastrophically

Long-term 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 performance

Centre of rotation close to inferior endplate
Allow for standard treatment if required

High G4 321-Low
High-5@3 21 - Low

High-GM 321 -Low
High -G 321 - Low
High -G 321 -Low
High -5@®B 2 1 - Low
High - 5@3 2 1 - Low
High - 5 43)2 1 - Low
High - 5 4 3Q)I - Low

High-G4321-Low
High-GH 321 - Low

High QX 32 1-Low

High-5@3 21-Low

High-5@321-Low
High-54Q)2 I - Low
High -5 43)2 I - Low
High-543)2 1 - Low
High - 54 3Q)I - Low

High-GM 321 - Low
High -GX 321 -Low
High - 5@)3 2 1 - Low
High - 5@3 2 1 - Low
High -5@32 1 - Low
High -5 4Q)2 I - Low
High - 54Q)2 I - Low
High-54Q)2 I - Low
High - 5 4 3QI - Low
High - 5 4 3Q)I - Low

Table 4.11 Specification.
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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 metallic-
metallic 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 predo"minant 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 turn 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 turn this may lead to compression of the nerve root and
incorrect loading of the facet joints. Ultimately, if the polymer insert deforms 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
Fernstrom® 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 SB Charité Disc
The most widely implanted artificial disc to date is an articulating disc called the Link

SB Charité 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 Charité Disc.

[Source: http:/fwww.medscape.com/viewarticle/442451]

One advantage of the Link SB Charité 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.
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Figure 4.8 Link SB Charité Disc mobile sliding core.
[Source: Link™]
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The Charité disc has been implanted in over a thousand Furopean patients with
relatively good results. Additional clinical trials using the Charité 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'® reported on 85 patients who received Charité disc implant(s). Five years post-
implantation 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 al*® 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 al*>

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 Charité 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 Charité disc and
opinion ranges from there being no wear debris issues™ to these effects needing to be

investigated further®.

The loss of disc height due to deformation or cold flow of the UHMWPE spacer could
also limit the long-term success of the Charité 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 compafed 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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4.21.2 ProDisc

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 form. 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 normal
spine in flexion, extension, axial rotation, and lateral bending, however the implant

makes no allowance for axial compression.

Figure 4.9 ProDisc implant.

[Source: hitp:/fwww.medscape.com/viewarticle/442451]

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 (10, 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, 1L.4-5 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.’
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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 implantations’. 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° (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.%*

However as for the Link SB Charité disc the ProDisc implant has the potential for
complications resulting from the production of wear debris and/or cold flow 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) Photograph of the Bryan Cervical Disc.
(b) Partially sectioned CAD model of Bryan Cervical Disc.
[Source (a): http://www.medscape.com/viewarticle/442451 ]
[Source (b): htip://www.spineuniverse.com/displayarticle.php/article1883.himl]

Initial clinical expenience 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.>>*

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*”.
The Bryan Cervical Disc also reduces the risks of aseptic loosening by containing any
wear debris generated within the lubnicant 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 turn 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-6Al1-4V

springs, as shown in Figure 4.11.

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° 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 term rigid fixation,

There are however, a number of potential sources of wear debris with this implant

design. Schmiedberg et al*

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 mm? of wear debris
per million cycles. Forged CoCr spring-pocket interfaces were found to produce 1.216
mm?® per million cycles®. These values are higher than those typically seen for Metasul

hip implants®,

There are also a number of sites where biological in-growth into the implant

mechanisms may occut.

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’’. 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.

Figure 4.12 Bristol Cervical Disc.

(a) Lateral cervical radiographs demonstrating the Bristol disc in flexion.
(b) Photographs of the Bristol disc. Lefi: Lateral view. Right: Anterior view.
[Source: hitp.//www.medscape.com/viewarticle/442451]

The clinical results for 20 patients with a mean follow-up period of 2.4 years were
reported by Cummins et al'’. 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.comviewarticle/442451 ]

In-vitro fatigue testing of the device has been performed at loads ranging between
200 N and 800 N for 50 million cycles, with the device continuing to function as
intended*’. 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.

Schénmayr et al®

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'® 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

vulcanisation?’,

The second generation Acroflex-100 has since been developed. This later model
implant consists of an HP-100 silicone elastomer core bonded to two titanium endplates
and is shown in Figure 4.14. Although additional patients have undergone implantation

of the Acroflex-100, the outcomes of these clinical trials have not been published?'.

Figure 4.14 Acroflex Disc.

[Source: http://www.medscape.comfviewarticle/442451]



105

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’.

- 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 concepts which do not directly relate to the
problem can be distracting?.

- 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.

Score ,—Weight
Load Size Wear
/ Total
5 1 3
10 7 1
Concept A 60
50 7 3
4 6 8
C tB 50
IR 20 6 24
2 3 5
C tC 28
oneep 10 3 15

Table 5.1 Sample evaluation table,

Note. each sub-task is score against a common total. In this case each score is out of 10.
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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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Density Young’s Yield Fatigue
(_c,_v,/cm") Modulus (GPa) Strength (MPa) Strength (MPa)

Ti-6A1-4V 4.428 105-116 870 575 (a)
CP Titanium
451 103-107 200-480 300-350
Grades 1-4 ®)
316L Stainless | 5 g 195 800-950 260
Steel
- 40 (o) 195-790 (c)
Nitinol 6.45 250
Hino 75 () 70-140  (d) (=

Table 5.2 Key mechanical properties of the materials investigated.
Where: (a) Fine duplex microstructure.
(b) Increasing from 200 MPa for Grade | to 480 MPa for Grade 4 Commercially Pure Titanium.
(c) Austenitic phase.
(d) Martensitic phase.

(e) Stress controlled fatigue with an endurance limit of 10° cycles.

The stiffness and peak stresses for each metallic spring concept were then determined.
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 determined 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 filled bellows concept.



Support Motions Match Wear Endolate Cross Disc Axis of | 40 Year
Loads Stiffness | Debris P Section Height | Rotation Life Total
5 4 4 5 3 3.5 4.5 2 4
Fluid
8 10 2 10 8 8
Filled . : 262
Beolloss 40 40 8 50 24 17.5 40.5 10 32
Urethane 5 8 8 4 4 9 g 2 203.5
Spiral 25 32 32 20 12 35 13.5 10 24 '
Urethane 5 6 6 10 6 9 4 6 218
Block 25 24 24 50 18 31.5 13.5 8 24
Urethane 5 8 8 2 8 5 5 6 188
Annulus 25 32 32 10 24 17.5 13:5 10 24
Urethane 5 4 4 2 6 10 2 . 161.5
Balls 25 16 16 10 18 35 13.5 4 24 '

Table 5.3 Intervertebral disc evaluation table.

Note: An explanation of each sub task can be found in Appendix 6.

L11
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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.

/ Endplate

Fluid
- - Metallic
—
Bellows
\\‘ )
"

Figure 6.1 Stylised bellows intervertebral disc implant components.

Note: Components are shown partially sectioned, not to scale and are not representative of final 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 deformation. Therefore the fluid fill medium is unable to deform 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 sophisticafed with compléx
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 turn 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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OUTSIDE DIAMETER
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Figure 6.2 Sectioned view of welded bellows showing common terminology.

[Source: Flexial Corporation6]

Figure 6.3 shows photographs of typical formed 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 of bellows.

(a) Formed bellows. [Source: http://www.weldlogic.co.uk/level%202/Applipage.htm]
(b) Welded bellows. [Source: Flexial Corporation®]

The processes used to manufacture formed 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

Formed 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 pressunsed. 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 form the convolutions (d). The last part of the formed

bellows manufacturing process is to trim the bellows cuff to the desired length (e).

> e IWEFTES - 3 ) — —""L“J""L‘P"."V'-:i.)‘.-"'\tl_/ 7,
\ A e

(a) (b)

“W - @”Jjﬁm s _f:’%fjf';',ﬁﬁﬁ‘."""“"

(d) (c)
Figure 6.4 Formed bellows manufacturing process.

[Source: http:/fwww.caradonhydroflex.com/munufacturing.html]

The main advantage offered by formed 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 form 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 formed 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 formed 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 formed per unit length. This in turn results in fewer
diaphragms per unit length and thus the deflection range of formed 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 formed 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

Microscope Bellows
R ;
AT / Convolution

= | !

Welding Fixture

(a) (b)
Figure 6.5 Welded bellows manufacturing process.

[Source: Flexial Corporati0n6]

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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Formed 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 formed bellows are

collapsed to a ‘solid height’ the inner and outer radiuses will be crushed.

Figure 6.6 Bellows solid height.

[Source: Flexial Corporation®]

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.



127

Nested Ripple : Flat
Flat ID ‘ Cantilever

Nested Ripple : Rippled
Coned '%p % Cantilever

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
fulerum when the welded bellows are deflected, creating high localised stress in the

welds, which can in tumn lead to premature failure of the welded bellows.
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Multi-Ply Bellows
Formed 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 Jayer.

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 forming 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 Upper
Diaphragms 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

normally 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 life™®.

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 option’.
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'.

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 determined 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-6Al-4V has the highest fatigue strength of these materials it has poor
formability 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 Number of Deflections
(Flexion) over 40 years
1 degrees 70M
2 degrees 26 M
5 degrees 35M
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

determined using Equation 1 [Source: Flexial Corporation®].

(oD + IDY

T
Effective Area = —-
© 4 4 (Eq. 1)

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'*, 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 turn result in burning of the parent
material and/or the weld fixtures being melted and drawn into the convolution

welds'1?,
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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 of the 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 al*! 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-discectony,
(b) Creep of annulus fibrosus post discectomy.
[Source: Markolf et alé’ ]

If the annulus fibrosus is to successfully carry a high percentage of the applied loads the
bellows intervertebral disc implant must conform 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 stiffness of the bellows intervertebral disc implant. Typically welded
metallic bellows have a low stiffness. 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 stiffhess will

be close to the stiffness 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 interal 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'>",

Outside Diameter 23.6 mm

Inside Diameter 10.61 mm

Estimated Free Length 9.5 mm

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 kPa)

Maximum Leakage Rate 1x10° ce/sec of He @ 1 atmosphere differential
Predicted Life

0.5mm Compression and 8° angular deflection 1x10° Cycles

0.5mm Compression and 5° angular deflection 150x10° 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$7800.2 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 confirmed

order,?
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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 mm. 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 mm 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 6.10(b)

F‘?::z\ ﬁi’é

0.5mm

Bellows
(a) (b)

Figure 6.10 Support separation and contact.

Socket

(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'&! 7182022
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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

turn result in a reduction in the bellows life.

Bellows =N £ Centre of Rotation

z

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.

Fluid ‘\

\E—Bellows Sliding at Interface
(a) )

(b

Centre of Rotation

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.
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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 1t effectively results in the bellows being decompressed.

Fluid —\ : Centre of Rotation

Bellows Rolling at Interface
(a) (b)

Figure 6.13 Internal support causing rolling 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.
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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. Hertz**’ 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

D

Figure 6.14 Sphere in a spherical socket.

Max - = 0.918 3’% (Eq. 2)
DYE

Where
_ DD,
° D -D,

Where:  Max o, = Maximum Contact Stress (MPa)
P = Loan(N)
D = Diameter (m)
E = Elastic Modulus (GPa)
v = 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.



143

Internal
Diameter

Thickness

—

Figure 6.15 Thickness of sliding support 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 1s 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,) to be tangential to the cylindrical face of the roller as shown in

Figure 6.16.
Tangent Not Tangent—\ / R,

§U§§H§

Figure 6.16 Cylindrica]-to—spherical tangency comparison for the internal support.

(a) The sliding support requires the spherical contact surface to be tangential to the cylindrical face of
the concave component.
(b) The spherical contact surface for the rolling support can have a large radius (R;) as there is no need

for the contact surface to be tangent to the outer face of the concave component.

[t 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 conaet) 18 dependent on the radii of the components and the amount

the implant deflected (0) as indicated in Figure 6.17.
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Given the importance of the contact point radius (R conae) it Was set to be a controlling

variable along with the socket radius (R;). The peak deflection (8) of the implant was

previously specified to be 8°.

determined, as shown in Equation 4.

R

Given these variables the roller radius (R;) could be

7o)
™  Contact
Point

RComact

Figure 6.17 Rolling support contact point radius during deflection.

)

= Sin™
ﬂ [ Rl 'Rz

a=p-0

R =R,Sina

Contact

Therefore

R Sin@

R, =R, -

1
R
Sl'l’l Szn -1 Contact
R 1

)

Where: R; = Socket Radius
R, = Roller Radius
8 = Deflection Range (8°)

(Eq. 3)

(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. This lift will, as
previously noted, result in the implant being decompressed. The amount of lift is
dependent on the radii of the roller components (R; & R»), the contact radius (R conact)

and the amount the implant is deflected (6) as shown in Equation 5

Ri

Figure 6.18 Lifi as a result of rolling support deflection.

R ~R, R,+Lift
Sin6 Sina

_ N\
Lift =| Sina| 2R )] _ g
Sin@ )

Substituting for Sin a from Equation 3

R "R —R
L-t: Coniact_ | | 2 '-‘R E 5
J[[le\&'n@n 2 a2
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Using the relationships developed in Equations 2, 4 and 5 the effects of varying the

rolling support’s socket diameter (R;) and contact radius (R conac) 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 (R)) or the contact

point (R conuct) results in an increase in the roller radius (R»).
25—1

204

Roller Radius
R, (mm)

- ) -
T I8 o K Contact Point

M 0 o '
R1 (mm) ¥ N “'_’ o B 0 RContact (mm)

Figure 6.19 Required roller radius (R) 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) @s shown in Figure 6.20. Changing the socket radius

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

discontinuity occurs and the amount of lift increases.

o
W0 w0
x w9 S Atact Point
R; (mm) N g CLRPN 0 R contact (MmM)

Figure 6.20 Lift resulting from 8° angular deflection for varying socket and contact point radii.
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Altering the socket radius (R;) has very little effect on the resulting contact stress as
shown in Figure 6.21. However the contact point radius (R conwct) 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.

Contact Stress
(MPa)

2

3 Contact Point
4 RConmc( (mm)

45
50
55

Socket Radius
R, (mm)

o !
©
© 2 u'\u
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,) and contact point radius (R conaer) axes are reversed when

compared to Figures 6.19 and 6.20.
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A summary of the effects the socket radius (R|) and the contact point radius (R conact)
have on the rolling intemal 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.
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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 Cg component of Equation
2. By maximising Cg 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.

Material L\lll(:(tlll:::l‘s ((g) Poisson’s Ratio (v) CO;'":)‘:;‘;:]»':U?)cld
(GPa) ) (MPa)
Chrome Cobalt’ 241 0.3 930"
CP Ti Grade 4°' 105 0.35 550
Ti-6Al-4V?! 110! 0.26 917
Radel R4400% 2.0 0.45 98
Radel R5500* 1.7 0.45 99
UHMWPE 0.69* 0.45% 14*

Note: Radel is a trade name for Polyphenylsulfone.

Note: T = value estimated from tensile value.

Table 6.3 Summary of internal support material properties.
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6.2.2.4 Stress Analysis
The contact stresses at the interface of the sliding and rolling internal supports were
determined 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 Kp 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 determined that a sliding support diameter of 7.5 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 6.15. 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'”. This resulted in the final sliding support system

having a socket diameter of 7.5 mm and a ball diameter of 7.4 mm.

Contact stresses were then determined 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 Chrome MW Radel Radel
Material Cobalt UHMWEE | LH PE | UHMWEE R4400 | R5500
Support Chrome | Chrome . : Radel Radel
Material Cobalt | Cobalt | 11 Graded | Ti-6Al4V | o ih0 | RS500
Ce 0.008 1.160 1.164 1.164 0.798 | 0.938
Max oc (MPa) 297.8 10.4 10.4 10.4 13.3 12.0
Factor of Safety 3.1 1.3 1.4 1.4 7.4 8.3

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.

~ ANSYS 8.0ADL

. NODAL SOLUTION
STEP=1

§UB =15

. TIME=1

| CONTERES (AVG)
~ DMX =.012515
SMx =320.704
0

35.634
71.268
106.901
142.535
176. 169
213.803
249.436
285.07
320.704

Figure 6.22 FEA contact stress plot for chrome cobalt-chrome coballt sliding support.
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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 conact 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 of lift 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 Radel-

Radel material combinations are capable of supporting a 600 N load.

Material Combinations
Socket Chrome - Radel Radel
Material | Cobalt | CIMWPE | UHMWPE | URMWPE | p 4000 | R5500
Support Chrome | Chrome . . Radel | Radel
Material | Cobalt | Cobalt | 1 Graded | Ti-6Al-4V | ohng | R5500
Ce 0.008 1.160 1.164 1.164 0.798 0.938
Max oc (MPa) 1425.8 49.7 49.6 49.6 63.8 57.3
Factor of Safety | 0.7 0.3 0.3 0.3 1.5 1.7

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 comparison 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.

ANSYS 6.0A01

TIME=1
CONTERES (AVG)
DMY =, 014422
SMX =1440

&)
159.961
319.922
479.88¢
639.843
799.804
959.765
1124
1230
1440

A

)

Figure 6.23 FEA contact stress plot for 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 implantsls’”’”. Therefore the Radel R5500—Radel R5500 material combination

remains a viable option for the rolling internal support components.

ANSYS B.U0AD1
N2DAL SGLUTION
STEP=1

suB =20
TIME=1
CONTPRES [AVE)
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16. 066
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72.295

Figure 6.24 FEA contact stress plot for 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 (Rs). 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
Nominal Surface
Lot X
i Lm \
Figure 6.25 Average surface roughness.
Ly y
R, = jﬂ L—‘d_x (Eq. 6)
‘M

Where: R4 = Roughness average.
y = Vertical deviation of the actual surface from the nominal surface.

Ly = Length over which the surface deviations are measured.

If the internal support surfaces have large R, 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

(a) (b)
Figure 6.26 Wear resulting from rough surface.
(a) Rough surfaces only contact and transfer loads though a few 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 Ra, 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.

More Contact Points Smaller Wear Particle

(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 Wear Particles
Plastic Deformation

(b)

Figure 6.28 Contact couple of 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
Sfeatures 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 Ra) to help ensure minimal wear debris is produced. Hip implants
typically have a surface roughness (R4) of 0.01 uml9. 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 of the 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 form and ‘inflated’ once correctly position. However, the success and
long term 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. Thése 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 conform 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 Comning 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.
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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 (L;) can be

determined as shown in Equation 7.

FAL =PA4,L, (Eq. 7)

101(0.5 + x) = 690x
x =0.0857 mm

Where:
P, =101 kPa (Atmospheric pressure)
P>, =690 kPa (Maximum pressure welded bellows can withstand)
A1 =4, (Effective area of welded bellows)
Li=05+x (Length of uncompressed bellows and gas height)
Ly=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’.

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®. 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 necessary. 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 of the implant.
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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 diaphragms'?. 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 implant-
vertebral 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
endplate 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 ornientated
for an anterior insertion, however the fixation fins could be orientated for a lateral

approach.

(a) (b)
Figure 6.30 Rendered of implant endplates showing fixation features.
{a) Top endplate with two fins and a central filling port.
(b) Bottom endplate with only one fin.
The fins and end surfaces are shown with a porous coating for bone in-growth 1o 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 conforming

to, or have endplates which match, the intervertebral disc wedge angle.

Using flat endplates and having the implant conform 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

e

~—_ O-Ring

system is shown in Figure 6.31.

Fill Cap

Fill Port
Figure 6.31 Exploded view showing the preferred endplate fill port arrangement.

The endplate is shown partially sectioned to show the fill port (red).

Adding fluid fill medium through a port in the outer cylindrical face of the endplate was
also considered. This could be achieved by drilling 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.

Fill Port
Figure 6.32 Alternative endplate fill port.

The endplate is shown partially sectioned to show the fill port (red) which consists of two cross drilled

holes.
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6.2.4.5 Internal Support Location and Support

The intemal 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 Support
Component

(a) (b)
Figure 6.33 Endplate socket.
{a) Bottom endplate and socket for a support component.

(b) Bottom 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° 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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MDM Fluid Gas Bump Stops
/; - Contact

—TT ﬂ ‘ﬂ

@\ polows ©)

Bellows Centre
of Rotation
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Secondary Centre
of Rotation

(©
Figure 6.34 Schematic diagrams of 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 intemal 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 intemal support components contacting, as illustrated in
Figure 6.35(b).

Tether —Support Support Tether

MDM Fluid ~ ~ Gas caa Taut

Bellows
(a) (b)

Figure 6.35 Schematic diagrams of 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 intemal support and

inner wall of the bellows, exterior tethers were considered to be more practical.

MDM Fluid
Tether

Support

Gas

Bellows
Figure 6.36 Schematic diagram of internally tethered implant.
Note: The implant is shown in a deflected state with simplified bellows and internal support components

Sfor 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

spinal level(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 in-
growth these textiles are normally covered with a silicone membrane, with the
exception of materials used for vascular grafts where in-growth is encouraged®. 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.



180

The tether-sheath must be firmly 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

Tether

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 bellows-
endplate 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 Med1-4213. Both
adhesives cure at room temperature and their adhesion to titanium is enhanced with the
use of a primer”. 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. Med1-4213 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 F86-01° 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 B600-91"' 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.



182

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 in nitric-
hydrofluoric solution.

- Rinse well.

- Visually inspect for any surface contamination.



183

6.2.8 Surface Marking

Permanent marking of the implant is a small but important issue. ASTM F983-86
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° 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 performance 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 project. 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*' noted during their studies of the
intervertebral discs that, despite having easier access to the nucleus pulposus than can
normally 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 1n 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.



189

¢iog * GEA0YddV| WW NI SNOISNIWIJ TV SN um.;n.ww AD yusuodwod} wayy
< ON D0 - OIMO3HD ..~./|/\r .@, 1 SMofjeg PapPIoM )
5 $0/90 - 31va cm___’“cos_ 1 - NMvHd M3IA ﬁ@CO_uOOW - uEN—QE_ L a1ejdpug doL z
AINGITINVD 3O ALISIIAINN 9s1q [BIqeU3AIR] SMOjI2F ! Sedpuz wonog| ¢
L 4 pini4} ¥
L yoddng jeussiu) XeAuoD! ¢
L poddng |Bwisju) sABoUOD | Q
l PyLl 2
4 Buny seuiel] 8
4 Buny Suidweln! &
} deg 4l 01
L Bund-0f 11
®© —>
,@/ V-V uonoes v
ﬁw //
// I
s % T
o 7
" ) N
TN - N 7 .
F—.\vk Q — 074 NN '/ %
y o \\\\ RN 7/ >N
—~ p NN AN\ s
Pm.\»!\\\\ ks \\\ . / \ /
.\)r.\ 7 \ / ...,.
8 /A
/ ! v 3
\NJ,r\ Y A\
); = ST
< @ HopHw

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 of the implant. However, such refinement was not completed as part of

this project.

Figure 6.42 Sectioned view of 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

stiffness.

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 stiffness. The combination of
this low stiffness and preserving the majority of the annulus fibrosus will allow the
affected spinal level to have an angular stiffness 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 Charité 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 Charité 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 Charité 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.
[n 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 PCT/NZ2004/000069.

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'. 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 al* 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® 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 al’]

Add-on modules are also available for universal testing machines which allow multi-
axis 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 Corporati0n2]

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 of 37°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 buming of the test fluids, 316L stainless steel tube can be coiled in the
bottom of the fluid containment vessels and water preheated to 37°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°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 performance 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 permanently stored, rather than just cached, so that the results

are not lost if the 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 single-

axis 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

Flywheel

Figure 7.3 CAD model of the single-axis test rig.

Note: The temperature control system and right hand fluid 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 pneumatic/hydraulic 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.

Furthermore, 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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Figure 7.7 CAD model of the vertical load test rig.

Note: the temperature control system is not shown for clarity.

211



212

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 of the

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 multi-

axis testing procedure with the following parameters being recorded:

- Magnitude and number of static Joading 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 al’, 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® 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 eylinder. 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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Figure 7.8 shows an isometnc view of the proposed multi-auis test ng
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The multi-axis test rig is shown in two deflected states in Figure 7.9.

(b)

Figure 7.9 Multi-axis test rig axes.
(a) Angular deflection around Axis 1.
(b) Angular deflection around Axis 2,

A multi-station test rig 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 would 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 al® or

MTS test rigs™.

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 of this 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 turn 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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Chapter 9 - BioModelling

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 of patients’ 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 sofiware 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 Imaging (MRI) and Positron
Emission Tomography (PET) scanning. Bone is most commonly imaged uvsing CT
scanning as it offers the best resolution of hard tissues. A bref explanation of CT

scanning follows.

9.21 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 densjty of
the material being scanned. The key difference is that jn a CT scanner an arc shaped
detector measures the x-ray profile, as opposed to 2 film when taking a conventional x-
ray image. The x-ray tube is mounted on one side of a rotating frame inside the CT
scanner and an arc shaped detector mounted on the opposile side, as shown in

Figure 9.1.

—__-_ X-Ray Detector

./ \ l Platform

X-Ray Tube

Figure 9.1 Schematic of modern CT scanner.

{Adapted from: hup.//science. howstuffworks.com/cat-scan2 him)
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As the rolating frame spins the x-ray ube and detector around the patient, a fan shaped
beam of x-rays is created as shown in Figure 9.2,

Figrre 0.2 Refationyhip of the s-ray bibe, patiend, dedecior, and IMags reconsiruaction compier
[Bource hirp:Aimaginis comdor-scanfiow_oLosp |

The delector takes numerous snapshots or “profiles™ of the attenuated x-ray beam.
Typically during one 360 degree rotation, approximately 1000 profiles are collected. A
dedicited compuler then reconstructs each slice from these profiles. The thickness of
the C7 slices can be vanod by adjusted lead shutiers which are positioned in front of the
x-ray tube and detector. Typically slice thicknesses of 1-10 mm are used.

The lstest multi-slice CT systems can collect 4 slices of data in 350 ms and reconstruct
a 512 x 512 matnx image in less than a second. This allows an entime adult chest to be
scanned in five 10 ten seconds, during which time 40 - 8 mm slices are typically
collected.



9.22 Spiral CT

Early model CT scanners trunsferréd power to the x-ray tube wang high voltage cables
wrapped around an elaborate set of rotating drums and pulleys. The rotaling frame
would spin 360° in one direction capturing one slice of data; the frame would then spin
back 3607 in the other direction (o capture a second shee In between each slice, the
rofating trame would come 1o 8 complete stop and reverse directions while the patient

inble was moved forward incrementally thus generaling the slice thickness

In the mid 1980's power slip nngs were added to CT scanners allowing the cable and
drum systems 1o be abandoned. Using slip nings power can be transferred belween a
stabonary power source and a continuously rotating gantry. In modem CT scanners the
x-ray tube and deflector rotate continuously while the patient is moved constantly
through the scanning apertore.  This results in one CT wmage, &8 opposed o multiple

discrete slices. This process is referred 1o as spiral or helical scanning, a visual

representalion of which is shown in Figure 9.3,

Figure # F Simulavion of the 1-ray Beam patk during spiral U7 scanning

i dowrre: htpciima g comdel-soandipiml.anp |

As spiral CT data represents the patient snatomy in one slice it minimises the potential
of the scan data being misaligned as a result of the patient moving or breathing. This
continuons data set can be converted into discrete shice data or reconstructed to provide

three-dimensional imuges
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Durng the evaluation of the reconstruction software il was found that some soflware
packuges were not ahle to import spiral CT data.  Although this problem could be
overcome by instructing the radiologist wy scan using discrete slices, it is desirable o be

able o use spiral C°T data where possible.

9.23 Clinical Benefits of CT Imaging

MR, uhirasound amd dyptal x-ray Huorascopy hive all made sygmficant improvements
in thewr ability 1o imape the chest, lungs and abdomen. However, spiral CT remains the
primary digiial rmaging technique for the chest, lungs, shdomen and bones due to the
combination of fast data poguisition and high resolution. CT scanming (s also unique in
thit it can provide detaled mtonmation of nearly every organ in the upper abdomen and

pelvis in one examination

CT imaging provides both good sofl Hssue resolution (contrast) as well as high spatal
resolution.  This allows CT imaging (o be used for visualisation of joints such as the
shoulder, hip or spine. For example Figure 9.4 shows & T image of o prolapsed

interverichral disc.

Figurw 0.4 Aviad €T image of the fumbr spine
Nerte; Thiz CT imurge showes a sliphs priskapr of the interverielrnd dioe wilh the sjecesd suinleas palpasig
miiabersol imginzing on the spinad cord
[Source hitgp Hiomagings comfprophiovit mrankcr_lumbe g, i)
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9.3 Medical Reconstruction

Traditionally, medical images have been viewed as a series of planar images, each of
which shows a sectional cut through the patient’s anatomy. Basic software algorithms
have been available for several years which allow approximate 34 reconstructions to be
made directly from the raw slice dala. However, these reconstructions typically have
poor resolution and accuracy. The BioModelling 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 produced using BioModelling software.

(b)
Figure 9.5 CT planar images and three-dimensional reconstruction image.
(a) Slice data froni a CT scan of a skull, skill and experience are required to diagnose such images.
(D) Reconstructed 3d model of the sume CT data, this model can be rotated and magnified allowing the

surgeon to focus on dingnosis rather than interpretation of the slice data.
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A rocenl high profile case where BioModelling wos used was the sepamtion of
compoined twins. CT scans of the twin's skulls were laken and then three stereo-
lithography models were grown; ene of each twin's skull and one of the area where the
twins were jomned as shown in Figure 9.6, These models allowed the surgical team (o

fully understand what anstomy the twins shared and 1o plan the surgical procedure to

separate them

Figniere 2.6 BioModels of cramiopagus i

[Seiiree; it e, Blomodel comfatniinfo hom |
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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:

Import the slice data.

Organise the slice data, as required.

Adjust contrast and brightness.

Set threshold levels to isolate material of required density.
Create masks using the threshold data.

Adjust the masks as required (draw/erase).

Calculate the 3d volume of selected mask data.

View the 3d volume.

A S AT R o S A

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 of 20.  Gantry tilt of 0.

Scanner table

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,

Urganize Imadges . - X4
Duactory: 154image fies a project 19 compadble image bies | \implants\
+ i lmplants AI NP [Per W [He | Ove |Gt | Fusl | Pavent [Fiwnams [ -] l
-2 158 6260 S1Z2 312 Rax 40 0@ = [ L — s
3 152 £560 S12 512 AAX 000 QW -m
| 156 €160 S12 512 AAX 000 oW
CVIGES 157 080 S12 S22 RAAX 000 oW Help
2 &1 Solichiaks 153 5360 S12 S12 AAX 000 04y —I
1 Tned STL kmpost 159 5880 512 512 RAX 000 04
;.‘ 160 £780 512 S12 RAAX 000 04
: 161 £560 512 §12 RAX 000 047
& 163 5400 K12 512 RaX 000 O |
Tt 164 £380 S12 312 RAX 000 €@
e =i Mach Eno Decamenta Xl 1! ¥ £280 512 RaX 000 047 |
1< __i j’ P Onlycompatiblemegedies ¥ Showproisc moge des
Grid

Figure 9.8 Organise images dialogue box.

The “Organise Images ™ dialogue box can be used 1o remove, add or reorder slice data as required.

Shown is the “Organise hmages” dialogue box for the Mimics sofrware 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 1solation tools include contrast adjustment and thresholding, which are detailed ip
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
This allows unwanted cavities to be filled and unwanted data removed.

erase tools.

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 turn 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 (ools,
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 blacks blacker. The objective when
adjusting the greyscale values is to allow different densities of matenal 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 sofl 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 avajlable grey
scale range 1S too smal) as shown in Figure 9.9(c) the image becomes washed out and

finer details are losl.

(a) (b) (c)

Figure 9.9 CT slices with increasing contrast.
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9.3.2.2 Threshold

Thresholding is used (o select and isolate the voxels required for the reconstruction.
Typically the data selected is added to a mask for reconstruction purposes. The
threshold lumit(s) defines which voxels are included in the mask based on the greyscale
value of each voxel. The malerial which is lo be isolaled can be selecled 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 (o

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 1s loo low and some soft lissue is also selected, this would
result in the reconstruclion of soft tissues as well as boney features. Figure 9.10(b)
shows a more ideal thresholding value, all of the high density bone is selected but the
lower densily soft lissues are not. If the thresholding value is too high, as shown in

Figure 9.10(c) some of the boney features will be lost.

Figure 9.10 CT slices with varying thresholding limils.

Corvectly setting the threshold value(s) is essential to creating an accurate
reconstruction. This can be difficult lo achieve especially if raw slice data or image

contrast are poor.
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93.23 Draw/Erase

Draw and erase 1ools allow the mask data 1o be manually edited. These tools may be
required 10 remove ancfacts from the mask, such as flares from other implants, dental
fillings or portions of the scanner platform that were included in the slice data. The
drow tool is also useful to simplify areas which contain unwanted detail such as the

4inus or eardrum cavities, a5 shown in Figure 9.1 1(b)

{faal fhj

Figure 9 /I Dyvaw and Eraar iool
faa | Kaw mazad diiti
(b The draw and ercee foois oofl i geved 00 mgsddly e mersk dada, in this case the aar drum g

associmbed passages have been filled in o simplify the model.
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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 1s a software package for researchers requiring medical, engineering or
scientific 3d image viewing and reconstruction tools. Itis 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’.

The basic reconstruction process using 3D Doctor is as follows:

Import the CT slice images into 3D Doctor.
Create object boundaries using the auto or manual segmentation functions.

Use 3D Doctor’s surface rendering to create a 3d model.

Bow b o=

Export the resulting model as an STL file.

The cost of 3D Doctor at the time of investigation was NZ$9600.



Figure 9.12 3D Doctor workspace and image mosaic.

A magnification of the sacrum and its associated object boundary are shown.

[Source: http:/fvww.ablesw.com/3d-doctor/tutor.htmt ]

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 be created using 3D Doctor and for this reason it was not

considered to 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

Mimics were found Lo be of a high quality, yet simple and quick to produce. The

general reconstruction procedure using Mimics is as follows:

I A

Select and import the slice data into Mimics.

Remove any unnecessary slice data.

Adjust the contrast of the images and threshold to isolate the required material.
Using a region-growing tool, select one voxel within the region of interest.
Mimics adds al) the tnter-connecting voxels within the thresholding limit(s) to a
new mask.

The “Calculate 3d” tool is then used to create a 3d reconstruction. Different
reconstruction quality levels can be selected at this stage.

A rendering of the 3d model is displayed which can be rotated, scaled and
measure as required.

Export the resulting model as an STL file.

Figure 9.13 Mimics workspace.

A magnification of the sacrum and its associated mask 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 of CT 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 Velocity? Pro

The other software package that was tested extensively was Velocity? Pro, which is

produced by Image3. The Velocity reconstruction software was onginally 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:

AW

Select and import the slice data into Velocity” Pro.

Remove any unnecessary slices.

Adjust the greyscale and apply filters to each slice as required.

Using a flood-select tool threshold each image to isolate the required data and
create masks.

Modify the mask data as required to remove cavities and artefacts using logic,
filtering and manual selection tools.

Create a three dimensional model using the Surfer function.

View the model.

The model file size and complexity can be reduced if required by merging
surfaces that hie within a specified angular tolerance.

Export the resulting model as a STL file.

Figwre 9.14 Velocity* Pro workspace (Unix Version).

.2 R ; .
{Source: Velociry® Pro Tuiorial Exercise completed as part software evaluation]
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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 of the 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$16,000.

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 of the 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 burn

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.
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9.3.5.2 Data Accuracy

During the trials of reconstruction software, test data was obtained from the Medical
Physics Department at Christchurch Public Hospital, New Zealand. Initially this data
was modified by the Medical 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 Prototyping
The next task research task was the creation of plastic BioModels using rapid

prolotyping technology.

Rapid prototyping sysltems creale parts by adding thin layers of matenal 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 differs from conventional machining techniques which remove materal

from a piece of stock material to form the final shape.

New layer
of material

Previously
deposited
material

z

BY

Figure 9.15 Rapid prototyping part creation.

X Y

Rapid prototyping systemns creaie paris by adding material in thin layers in the x-y plane (o form the final

shape. Once one layer is completed the model is lowered and creation of the next layer begins.

As rapid prototyping 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
unsupported features, supports are created, as shown in Figure 9.16. These supports are

then removed from the model afier the building process has been completed.
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Examples of where the addition of support material may be necessary include:

= Holes with horzontal axes.

¢ SOk i

= Hollow shelis.

- ltems with bases that are not flat.

Unsupportad
Matarial

ferl fie)

el
Figure &.18 Addition of mppors meterial

{a ) Materinl being added to @ rapid proiotyped model munt be sipporied.
) Thee ol af vupports 10 B model allmes ol weiapgoried geometry 1o be created
{e) Dnee the part Is complesd the support matevial i be removed leaving only the required gemmetry.

The three most common types of rapid prototyping system are Stereo-Lithography,
Fusion Deposition Modelling and Three Dimensional Prnnting. A summary of each of
these modelling methods and their relative advantages follows,
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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 1op 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 1s 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 matenial 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 madel of a maxilla and mandible.
[Source: hup:/Avww.protomed.net/content/products/SLA html]
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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 hydroscopic 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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Fusion depisition modelling, otherwise known as FDM, sroduces parts using extruded
ABS plastic The process involves an ABS plastic flament being led into un extrusion
head where the plastic is heated to a semi-liquid stste, The softened plastic 18 then
forced through a small diameter nozele onto a build platform. By traversing the nozzle
in the x-v plane the contour of a parl can be created and filled . Cnce one layer has
been completed the build platform is lowered and the process is repeated.  Suppornt
maternial 15 sdded using an sdentical process. Modern FDM machines usually have a
separate extrusion head for the support matenal which may consist of a plastc, wax or
water-soluble material. Figure 9.18 shows a maxilla and mandible grown using fusion

deposibon modelhing

Figpure ¢ |8 Fusaon drpouhion smodel of @ manfly osd mandible

Bocause it uses high strength ABS plashic, FDM is the lavoursd technology for
prototyping plastic parts thal require some strength.  Thas 15 particulardy relevant for
parts which are inlended for pre-operative planning purposes. The sirength of FDM
maodels allows the surgeon o cul and dnll them, whereas stereo-hithography parts ofien

chip, crack or break when handiod this way

The main disadvantage of FDM parts is that they have a slightly cormugated surface,
which 15 a lunction of the layer thickness. These cormugations can result in surpeons
incomectly viewing FDM models as being less accurate. However this 1s textural issue

can be resolved with education or finishing processes such as sanding and painting
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9.4.3 Three Dimensional Printing
Three dimensional printers utilise inkjet technology to bind powder and produce parts.

Three dimensional printers first spread a thin layer of powder over the work platform.
An mkjel print head then deposits liquid binder over the cross-section being created.
Once one lnyer has been fully solidified the build platform i lowered and the process (s
repeated. Once the part is finished, it is removed from the surounding loose powder.

Comrently two materials are used with this system, a plaster based powder and a starch
based powder. The plaster powder offers high strength and cetail while the starch based
powders nllow high modelling speeds and very low cost models (o be produced.  Sturch
based powders are also suitable for investment casting.

Typically these parts huve o low strength and are spproximately 50% porows however,
they can be post treated for additional strength and durability. This post treatment
involves spraying or dipmng the part in wax, urethane of resin depending on the
required material properties. Figure 9.19 shows an untreated moded of & human skull.

Figiire £ 19 Hioman skall model oreaied mnong three disesuiongd primting.
{Source. hitp Aww scorp, comdindusiries sposlight ap " 10= 12}
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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))

Maximum Layer Post . Untreated . . .
Process Resolution | Thickness | Material gieitﬁrl;(pi Build Mseti;ni;al Surface Dlg:sg:]lj(:?al Cost ];‘l;i‘:
X-Y (mm) | (mm) 9 Finishing g Finish
St Photo
Lith(fre;"h +0.125 0.05 Curable 5 5 3 5 1 1 1
graphy Resin
Fusion
Deposition +0.25 0.125 ABS 3 1 5 2 5 3 3
. Plastic
Modelling
Three Plaster /
Dimensional +0.2 0.10/0.17 1 2 2 2 2 5 5
. Starch
Printing

Table 9.1 Comparison of three rapid prototyping formats.

96¢
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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:

11.
12.

13.

14.

. The surgeon is provided with a pad of CT Data Archive Request forms and CT

Scanning Protocols.

Surgeon decides a BioModel is required.

Surgeon completes standard radiology CT scanning forms and a CT Data
Archive Request.

Both of these forms are sent to the surgeon’s preferred Radiology Department.

If necessary, the radiology department consults with Enztec Limited to clarify
the CT scanning requirements.

The patient is scanned and the CT data archived.

The archived data is sent to Enztec Limited.

The data is reconstructed and Area of Interest Diagrams are generated.

The Area of Interest Diagrams are then sent to the surgeon.

. 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.

The completed Area of Interest Diagrams are returned to Enztec Limited.

A quote is supplied if required and if accepted the surgeon provides billing
details.

The data required is then isolated, as per the indication diagrams, and the
BioModel grown.

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 confinmation 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 NZ$600.
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 build time and volume of ABS plastic

used.

A sample CT Data Archive Request form is shown in Figure 9.20. Figure 9.21 shows a

partial set of Area of Interest Diagrams for a mandible BioModel.

CTDATAARCHIVE REQUEST |
| — Y

Biom uQQ,\ ':L\l (5) 'PQ?A r-"lax.ﬂcdj f.x\\Ie_x:-\u':. = E\ﬁ)\'brmu

|
(] | IOty
AT S ORDER NUNMBER |

Figure 9.20 CT Data Archive Request form

Shown with a typical description of the BioModel geometry required, as given by the surgeon.



enztec BIOMODEL ortce Limies

UniL 448 Soniter Re

Emai riichis@ercie 19 o

CT Scan Reconstruction

Area of Interest Indication Diagrams

+ Patient Name {
. Ratret=H / Scan ID
Date of Birh |
Enziee Ref

Project Initiator

The checked views are present on the accompanying pages.

View of Patients Left 1 view of Patients Right T
View of Patients Anterior O View of Patients Posterior O i
Pictorial View of Patients Left Anterior 1 Pictorial View of Patients Right Anterior O
Pictortal View of Patients Left Posterior )] Pictorial View of Patients Right Posterior [ \
¢ Scan Description: Other 0O

Please indicate using horizontal and vertical lines only, the area(s) of interest for use as a
Biomodel.

Where necessary use a written explanation in the comments space provided.

Example Cnly:

View of Patients Anterior

(example only) . Y our comments: ’{fy
Mandible and TMJ only please =

Maxilla rot required.

View of Patients Right

(a) (b)
Figure 9.21 Area of Interest 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.

09¢
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9.6 Machined BioModels

9.6.1 Problem statement

In some cases it is necessary to produce metallic BioModels for in-vivo use. To achieve
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 exporied in an IGES format.

Each of these output formats presents its own problems when creating data for CAD or
NC machining purposes. Several different software solutions were investigated to

overcome these 1ssues.

9.6.1.1 STL Files

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 which 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 generated model exported in STL format.
[Source: http:/rpdrc.ic.polyu.edu hk/old_files/stl_introduction. hum]
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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 BioModels 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 18 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 IGES
contours produced for a reconstructed femoral head. 1GES contours can be imported
into most CAD packages and, theoretically, could be used to create lofied surfaces

which could then be toolpathed.

Figure 9.23 IGES contour file of a reconstructed femoral head.

However, it was found that the IGES 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 altermatively 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 partial femoral head developed from IGES curves.
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[t was found that recreating the profiles still resulted in some distortion of the geometry
and there were curvature discontinuities at each contour. It was also difficult to
construct transition areas using this process. For example it was not possible 1o
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 1S man

hours to construct.

1t was therefore decided that lofting exported JGES contours was not an acceptable way

to produce accurate CAD models of reconstructed CT data.

| \
Head of Femur \ M
Transition Area %

Greater trochanter—ﬁé'ﬁ’;_ 5

7 X
Fen‘ur‘&x
\

Figure 9.25 Anterior view of the right femur and pelvis.
[Source: Moore K I’}

,,4!'
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9.6.1.3 Rhinoceros®
Rhinoceros®, otherwise known as Rhino, is a NURBS based modelling package
primarily used for modelling freeform shapes. NURBS stands for Non-Uniform

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 geomelry produced in Rhinoceros® from an imported STL file.

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 direclly 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

Rhinoceros®.
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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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fa) (b)
Figure 9.27 Data 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. This process is automated, however, sometimes
topology errors occur. 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 carried out at this stage to
ensure hard edges and comers are retained. Figure 9.28(a) shows the model after the

polygonal surfaces have been created and any topology errors have been repaired.

Figure 9.28 Surface generation and paich manipulation.

{a) Wrapped NURBS surface, with 10pology errors repaired.
(b) Final layout of the NURBS patches after manipulation of the patch boundaries 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 consiruction 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

final 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 Final 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 forms.
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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.

Figure 9.30 Lefi zygomatic bone and maxilla in-situ.

{Source: Gray H, Anatomy of the Human Body. Figure 164°]

CT scans of the patient’s skull were taken with a slice spacing of 1lmm and the resulting

data was reconstructed. A rendering of the reconstructed data is shown in Figure 9.31.

Figure 9.31 Rendering of the reconstructed CT daia,

The missing zygomatic and maxilla boney struciures on the right hand 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 BioModel, 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 non-
critical 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 formed once the bulk of the implant

had been created.

Figure 9.33 Rendering of the implant template data.
The implant parent daia extracted from patient’s left 7ygomatic and maxilla boney siructures were

mirrored and positioned to create a template for the implant.
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9.7.3 Implant Manufacturing 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 form but the areas where it contacted the skull needed to be adjusted to increase
the size of the contact paiches. This poor fit was due to the fact the human body is not
symmetrical. Two potential methods of improving the fit at the contact points were

considered, these included:

- Mannally adjusting the thickness of the implant at the contact areas to reduce the
gap between the skull 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.

[t 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 matena) jt was decided to form the bulk of the implant using press tools
rather than NC machining from billet. A die set was produced using the implant
template data and the implant was formed from 2mm sheet. An untrimmed implant

blank is shown in Figure 9.34(b).

Figure 9.34 Skull implant prototypes.

(a) NC machined implant protorype.

(b) Pressed implant protorype prior (o trimming operations.
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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

otherwise.

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, usiﬁg 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 Improvements and Future Work
unng a post-implantation review of this implant and 115 manufacture, several key areas

for potentinl improvement were identified.

9.7.4.1 Adjustment of the Implant Attachment Points

As previously discussed in Section 9.7.3 the implant and/or skull had to be manually
adjusted to improve the contact between the implant and skull, A more desirable
solution is o modify the implant template data prior to manalacturing the implant, One
method of aschieving this is detailed below.

he implant template data should be posiboned on the reconstructed skull geometry ns
mocurately ns possible. Figure 9.35 shows the implant template data (blue) in positon

Figure #. 35 Resdpring of the raw isplant lemplote dats

A e hinieran Boaly i ot syemmeinicnl Bee empland teagilale sarnored froe fye comtroioterml uade aoei ol

[fir the mplant site e xacill



277

The implant template data should be nmmed back a sufficient distance so there 15 space
to cresie a transition surface between the remaiming implant template data and the
desired contact area. Surfaces from the underlying skull geometry can then be copied
it the implant data file to form contact patch component of the implant, These skull
contact surfaces (red) should be trimmed to the desired shape as shown in Figure %.36.
The gap between the implant template data (blue) and the reconstructed skull can also

be ¢learly seen in Figure 9.36,

1
k I
Flﬂur- @ 18 Reidei R o P wrrud i irhrlf.llrll Jl"l'ﬂ['-llﬂfq" el crofdac? l,mﬂrh

Tiee imipdasel lemiplale wian ifaced o e datg sadiacied fivm Uie dmpdasil cosilacd e The imetivoled

Between the bevmplate dafn and reconsbrucied sbull com alin be clegrly wren

Boundmy curves should then be gencrated between the tnmmed implant and contact
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Figure 9.38 shows the final implam form afler knitting of the implant, bndge and
contacl patch surfaces. Using this technigue the implant will accurately fit the patient’s
skull and no additional manipulation of the implant or skull should be required.

Figure ¢ 18 Rendering of the final implant and contact paick
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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 prototyping 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 10.1a). 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 10.1b) at the
proximal end and a condylar screw plate (Figure 10.1c) 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)
Figure 10.1 Examples of existing fixation devices.
(a) Bent Kuntscher nail. [Source: http://narang.com/nails.html].
(b) Tri-fin nail plate.
(c) Condylar screw plate. [Source: hitp://tristan.membrane.com/aona/tech/ortho/dhs/dhs0005.himl]



284

Figure 10.2 X-ray of the patient’s left femur.

The patient had undergone six previous operations to rectify various fractures of the left
femur. The remaining bone was small in diameter and sclerotic. 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 Katznelson Total Femoral Replacement
Between 1973 and 1983, 19 patients were fitted with a total femoral prosthesis after

treatment of sarcoma of the femur’

. 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® 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.



287

i
i

Figure 10.3 Marcove et al total femur and knee replacement.

[Source: Marcove et al’]

10.3.3 Steinbrink et al Total Femoral Prosthesis

Several different variants of the Steinbrink et al® 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 10.4(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 10.4(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-Cobalt-
Molybdenum 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.

(b)
Figure 10.4 Steinbrink et al total femoral prostheses.

(a) Polyethylene prosthesis.
(b) Titanium prosthesis with ceramic head.
(¢) Durchsteck prosthesis with ceramic head.

[Source: Steinbrink et al’]
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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?. 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% afier 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.’
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(a) (b)
Figure 10.5 Kotz distal femoral modular endoprosthesis.
(a) Exploded view of the endoprosthesis components.
(b) Composite photograph of assembled endoprosthesis.
[Source: Ma[awerzj
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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.

Flange Web ~Bone

Figure 10.6 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

012000 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 form was determined by the patient’s morphology.

The procedure used to determine the key implant dimensions is detailed below.

Ideally, the endoprosthesis dimensions could be determined 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

determined by directly measuring from the parallax corrected x-ray shown in Figure

10.7(a).

(a) (b)
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 10.7(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 10.8(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
10.8(c). The femur length reference line was made vertical and the length increased by
10mm. 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 10.8(a) to replicate healthy hip
geometry. The green curve shown in Figure 10.8(c) represents the desired

bone/endoprosthesis interface.
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(b) (c)
Figure 10.8 Endoprosthesis geometry.
(a) Key axes as measured from X-rays.
(b) Corrected geometry.
(¢) Anterior rotation of the hip axis.

(d) Endoprosthesis geometry and boundaries.

Once the key geometry had been defined, guide curves were created to define the screw

and tee cross-section boundaries, as shown in Figure 10.8(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

Locking Plug
LS % Nylon Stopper

-

< Locking Screw
<

Knee Screw

Figure 10.9 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-6Al-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 mm. 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 mm 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 10.10 shows a rendering of the endoprosthesis body.

Figure 10.10 Endoprosthesis 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 mm and 70 mm long respectively. Both screws have a 3 mm pitch buttress thread

for screwing into the femoral bone stock.

The ends of both screws have 6 castellations and a 4” UNF x 12.5 mm long thread.
The primary purpose of the castellations is to engage with the locking plugs and prevent
the screws from rotating in-vivo. The castellations also provide driving surfaces which
can be used during the implantation procedure. The '4” 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 10.11 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 M14.5x 1
threaded exterior and are 9.7 mm long. They were manufactured from Ti-6Al1-4V.
There is also a 2.5 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 %” UNF x 20 mm long. They were manufactured from
commercially available Ti-6A1-4V bolts. The bolt head was reduced in thickness and

all corners 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, %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 N and 2500 N were then applied to the assembly. 2000 N was the

specified design load, however an overload case of 2500 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-6Al-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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(a) (b)
Figure 10.14 FEA deflection and stress plots.
(a) Stress plot showing a maximum Von-Mises stress of 510 MPa with an applied load of 2500 N.
(b) Deflection plot showing a peak deflection of 2.3 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 %” 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 10.15 Hip and knee screw introducer.
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Figure 10.16 shows the finished endoprosthesis in an assembled and disassembled state.

(b)
Figure 10.16 Femur endoprosthesis photos.

(a) Assembled femoral endoprosthesis.

(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 trn-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 10.17(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 10.17(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 may 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 10.7(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 Castellations

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 orentations. 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)

Figure 10.18 Hip and knee screw castellation design.
(a) Original six castellation design.

(b) Improved fine castellation design.
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10.10.3 Locking Screw Profile

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 alloy, 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.
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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. Asa
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 screw/body 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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e e Belleville Washer 01 of 13

Summary:
This metallic spring design is based on two Belleville Washers which are commonly
usad 1o provide apply preloads in bolted connections or muchine tools,

Pros:
= Simple design,
= Capoble of supporting large vertical loads.
- Mo wear debris generated duning deflections.
- Will exert the majority of the forces on the periphery of the vertehral bodies.

Cons:
= The cross section required to support the compressive loads will result in 2 very
stiff implant which is hard to deflect angularly,
= Difficult o cater for the intervertebral dise wedge angle.
- The large cross section of this implant would require o large section of the annulus
fibrosus to be reflected.
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Project: Spine

Date: 2512703 | 1orsion Spring 02 of 13

Summary:
This concept was based on a spring commonly found in clothes pegs and could be
constructed from a single length of spring wire. A single spring of this design could

be used or alternatively 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 coils rub.

The angular stiffness can be varied by changing the wire diameter and spring

geometry.
Able to absorb vertical shock loads.

Cons:
- Difficult to create a structure strong enough to support compressive loads.

- May be affected by in-growth of tissue.
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Project: Spine

pate 3512703 | Side Mounted Torsion Spring | 03 of 13

Summary:
This concept relies on the deflection of a torsion spring to provide the required
motions. Multiple instances of such an implant would be required around the

periphery of the intervertebral disc space.

Pros:
- Simple design.
- No wear debris generated during angular deflections, unless the torsion coils rub

during deflections.

Cons:

- May project outside the intervertebral disc space.

- Accurate positioning of the implants is required to ensure correct function of the
implant assembly.

- In order to support the compressive loads multiple springs may be required,
however this will result in the angular stiffness of the implant assembly being too
high.

- Placing multiple instances of such an implant around the periphery intervertebral

disc space would be a very invasive procedure.
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Project: Spine

Z-Spring 04 of 13

Date: 25/12/03

Summary:

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.

1

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 turn makes the angular stiffness too high.

- Lateral deflections would require twisting of the spring and hence it would be very
stiff when deflected in this direction. Alternatively, 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. Therefore supporting compressive loads and allowing lateral

deflections are mutually exclusive.
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Project: Spine
Date: 25/12/03

Z-Spring Variant 05 of 13

Fixation Ridges

Summary:
This concept is a variation of the Z-Spring concept which features 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 turn makes the angular stiffness too great.
- This concept does not improve on the lateral stiffness performance offered by the

previous z-spring concept.
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Project: Spine

Date: 2512703 | C-Spring 06 of 13

/ Fixation Ridges

Summary:
This concept is similar 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 occeur.

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 allow 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
endplates.

- Not able to absorb vertical shock loads.

- In order to be able to withstand compressive loads the stiffness of the spring must

be substantial, which in turn makes angular stiffness too high.
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Project: Spine
Date: 25/12/03

Side C-Spring 07 of 13

Fixation Ridges

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 disc

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 to withstand compressive loads the stiffness of the c-spring
must be substantial, which in turn 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 to be
very stiff. Therefore supporting the compressive loads and allowing lateral
deflections are mutually exclusive.

- May project outside the intervertebral disc space.
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Project: Spine

Toroidal C-Spring 08 of 13

Date: 25/12/03

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 form and then deformed into a toroidal form 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 stiff design is required to support compressive loads which would require
significant effort to deflect angularly.
- Difficult to cater for intervertebral wedge angle.
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Project: Spine

Fluid Filled Bellows 09 of 13

Date: 25/12/03

Summary:

This concept consists of a thin walled, fluid filled vessel with convoluted 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 construction.
- The large cross section of this implant would require a large section of the annulus

fibrosus to be reflected.
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Project: Spine

Date: 25/12/03

Urethane Spiral

10 of 13

Summary:

This concept utilises a soft urethane rubber (or similar material) which can compress

and deform to supply the required motions. This is similar 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 incision in the annulus fibrosus, once in the intervertebral disc cavity it would

recoil into a spiral.

Pros:

vertebral bodies.

1

Cons:

Able to absorb vertical shock loads.
Easy to manufacture.

Can be inserted though a small incision in the annulus fibrosus.

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).

Large contact area which would allow forces to be applied to the periphery of the

The directional stiffness could be varied with the addition of holes or voids.

Wear debris may generated if parts of the spiral rub against each other.
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Project: Spine

Date: 25/12/03

Urethane Block

11 of 13

Summary:

This urethane block is similar to the Acroflex Disc.

Fixation Ridges

Urethane

It utilises a soft deformable

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 annulus fibrosus 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 annulus 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.

- Similar to Acroflex Disc and hence may suffer from the same cold flow and

endplate delamination problems.
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Project: Spine

Urethane Annulus 12 of 13

Date: 25/12/03

Fixation Spikes

Urethane Annulus

Summary:

This urethane annulus is variation of the urethane spiral concept. It utilises a soft
deformable 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 endplate 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 this implant would require a large section of the annulus

fibrosus to be reflected.
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Project: Spine

Date: 2512705 | Urethane Balls 13 of 13

Summary:

This concept involves a number of soft urethane balls being placed through a hole in
the annulus fibrosus to fill the space normally 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 balls being compressed and

displaced within the intervertebral disc space.

Pros:
- Can be inserted though a very small incision in the annulus 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.

Reliant on the material properties to provide required deflections.

The annulus fibrosus must be repaired and remain healthy to 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-6Al-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 firmly

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 plateé 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-6Al-4V and the Commercial

Pure (CP) Grades.

A number of other Titanium alloys have also been developed for medical implant
purposes including Ti-6Al-7Nb, Ti-5Al-2.5Fe, Ti-13Nb-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 Ti-GAl-4V

Ti-6A1-4V is the most widely used titanium alloy and it secounts for more than 500 of
nll the titanium used worldwide. Approximately 80% of the Ti-6A14V produced s
used in the serospace industry, with the medical industry accounting for approximately
3% of the total produced. The remainder of the Ti-6Al-4Y produced is used in the
automotive, manne and chemical industries”,

A number of different methods and formulations are used 1o produce Ti-6A14YV.
Depending on the production method and formulation the oxygen content may vary
from 0.08 o 0.2% (by weight), the aluminium conlenl may be as high as 6.75% and
vanadium cenlent may vary up to 4.5%. In geperal the higher the percentnge of
alloying elements added, particularly oxygen, the greater the strength of the material.
Conversely lower oxygen, nitrogen and aluminium content improves ductility, (racture
toughness and stress cofrosion resistance’ .

Ti-6A1-4Y is also availahle as a Ti-6Al-4V ELI grade. This is a grade with “extra low
interstitial® oxygen and iron which exhibits improved damage tolerance properties.

A2.3.1 Mechanical Properties
The mechanical properties of Ti-6A1-4V al room temperature are delniled below in

Table A2.1.

Property Value
Density (g/em’) 4428
Elastic Modulus Tensile (GPa) 105116 |
Shear Modulus (GPn) i]-45
Poisson's Ratio Ry _l'ilb-ﬂ']ﬁ
-Lﬂ;nm-: 1;l:|lsi'lc Strength (MPa) | 925 =)
Tensile Yicld Strength (MPa) | 870

Table A2 | Ti-8Al-4F - Mechanival properiien aif rooms lemparabire
{Saurce. Welsch el al']
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A2.3.2 Fatigue life
There are several factors which affect the fatigue performance of Ti-6Al-4V including

surface effects and microstructure,

High cycle fatigue typically occurs as a result of micro-cracks forming 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
important’. For the intervertebral disc implant the former is the case, as the implant will
have a small cross section and is highly stressed, therefore its high cycle fatigue

performance 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 Crack Nucleation | Crack Propagation
Surface roughness Accelerates No effect

Cold work Retards Accelerates
Residual compressive stress | Minor or no effect Retards

Table A2.2 Surface effects on high cycle fatigue.
[Source: Welsch et al’ ]

Surface roughness determines whether fatigue strength is primary crack nucleation
controlled (smooth) or crack propagation controlled (rough). Fatigue cracks normally
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 present’. 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-6Al-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 of shot peening and electropolishing on fatigue life.
Rotating beam test on fine lamellar microstructure in air, at 20°C,
EP = Electropolished, SP = Shot peened, SR = Stress relieved.
[Source: Welsch et al’]
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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 peening 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 micro-
projections. Electrical resistance is at a minimum wherever the film is thinnest which in

turn 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-6Al-4V an electrolyte of the following composition is typically

used.

- 600ml methanol
- 360ml butanol-2 (C4-H,0-O)
- 60ml perchloric acid (H-C1-Oy)

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 .

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 of the 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. As a result

electropolishing of undercut areas could be difficuit to achieve.
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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
surface and no stress concentrations are present, alternating stress can cause slip bands

to form and in turn fatigue failure to occur.

The application of a fluctuating stress causes dislocation motion in altemating
directions. This Jocalised irreversible dislocation movement occurs in narrow bands
along slip planes in jndividual grains and as a result slip bands are formed. Since these
bands terminate at a free, unconstrained surface, roughness in the form of ndges and
grooves is created on the surface of the workpiece. These features are called slipband
extrusions and slipband intrusions. The formation such features is illustrated in

Figure A2.2.
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Figure A2.2 Slip band formation mechanism.
Operation of two intersecring slip bands, with the application of a reversing load.

{Source: Fine et al’]

The high concentrations of plastic strain developed within these loca)ised 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 sJowing 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, determines the amount of subsequent accumulated damage that

ocCcurs.
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In the case of Ti-6A1-4V 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 (o) and beta (B) phases and the Widmanstitten 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-6Al-4V can

therefore be improved by refining the grain structure.

For example when Ti-6Al-4V alloy is slowly cooled from the B region, the final
microstructure consists of a phase plales which are separated by B phase, this
arrangement is known as a Widmanstitten structure. A (ypical Widmanstitten
microstructure is shown in Figure A2.3. This structure has large effective slip lengths

and thus a low resistance (o fatigue crack nucleation.

Figure 42.3 Typical Ti-641-4V Widmansiditen microsiructure.

Widmanstdtten microstruciure of Ti-6AI1-4Y afier slow cooling from above the 8 transus. The white plates
are a phase and the dark regions between them are f phase. Optical micrograph 500x.

[Source: Donachie®}

The fatigue performance and typical crack nucleation sites for three other Ti-6A1-4V

microstructures are detailed below.
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Lamellar Microstructure
When carrying out solution heat treatments above the B transus the resulting
microstructure depends on the degree of homogenization during solution treatment and

on the cooling rate.

Quenching from above the P transus suppresses the diffusion controlled B 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 B transus, nucleation of o
begins and diffusion controlled partitioning between the o and B phases occurs. The
resulting microstructure is lamellar, in which broad a and fine B lamellae alternate to
form packets. The size of the lamellar packets depends on the prior B grain size and the
cooling rate with results ranging from fine acicular structures to coarse lamellar

structures as indicated in Figure A2.4.°

~ B-Transus
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Figure A2.4 Formation of lamellae microstructure.
The cooling rate through the transus determines the fineness of the lamellar microstructure.
Note: WQ = Water quenched. AC = Air Cooled. FC = Furnace Cooled.
[Source: Welsch et al6]



Fipure A2.5(a) shows the fatigue performance of a fully lamellar Ti-6Al-4V

microstructure with the width of the alpha lamellae decreasing from 10 to 0.5 um. With

decreasing lamellae size an improvement in fatigue strength from 480 to 600 MPa is

observed. Crack nucleation sites in lamellae microstructures are normally 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 for this microstructure.”
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Figure A2.5 Ti-041-4V - Lamellar microstructure,

{a}) Effect of a lameliae width on faligue life.

(b)) Fangue crack nucleation site.

[Source: Warguerj ]
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Equiaxed Microstructure

Equiaxed grain structures result from hot working the material in the a and B phase field
and then recrystalhising below the transus temperature. The presence of both phases
during hot-working prevents the coarsening of the microstructure which occurs if only B
grains are present. If this material is then recrystallization-annealed below the
martensite start temperature, a fine equiaxed microstructure consisting of a and 3 grains

forms.

Figure A2.6(a) shows that for a fully equiaxed Ti-6A1-4V grain structure, a decrease in
the alpha grain size from 12 to 2 um results in an increase of the (atigue strength from
550 to 720 MPa. Fatigue cracks n this material nucleate at slip bands within the alpha
phase as indicated in Figure A2.6(b).
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Figure A2.6 Ti-6Al-4V - Equiaxed microstructure.
(a) Effect of a grain size on fatigue life.
(b) Fatigue crack nucleation siie.
[Source: Wagner"]
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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 o and B phases occurs
resulting in a microstructure which consists of a grains and fine lamellar regions. The
duplex annealing temperature determines the relative amounts of a and fine lamellar

(transformed ) as shown graphically in Figure A2.7.

P p-Transus _
} C
7 @
a+B

time —e=
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. op = Primary Alpha.
[Source: Welsch et al’]

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).



Figure A2.8 Ti-6Al-4V — Duplex microsiructure,
(a) 40% primary alpha (ap) 200x.
(b) 20% primary alpha 200
[Source: Welsch et al° ]

For duplex Ti-6A1-4V decreasing the width of the alpha lamellae from 1 10 0.5 gm
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 ap
phase or at the interface between the lamellae matrix and ap phase’. Figure A2.9(b)

shows a fatigue crack nucleating in a lamellae region.
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Figure A2.9 Ti-6A1-4V — Duplex microsiructure and fatigue.
(a) Effect of a lamellae width on fatigue life.

(b) Fatigue crack nucleation site.

[Source: Wagner’ ]
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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 turn 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-6Al1-4V 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-6A1-4V 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. The

maximum endurance strength reported for duplex microstructures was 575 MPa.
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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
oxygen and iron content. Table A2.3 shows the composition of the different

commercially pure grades and associated ASTM standards.

Grade ASSPI;IZI C Fe H N O OoT Other
CP Grade 1 | B348' 0.1 0.2 | 0.0125 | 0.03 | 0.018 0.4 Bal Ti
CP Grade2 | B348! 0.1 0.3 | 0.0125 | 0.03 0.25 | 0.4 max | Bal Ti
CP Grade 3 | B348' 0.1 0.3 | 0.0125 | 0.05 0.35 0.4 Bal Ti
CP Grade 4 | B348! 0.1 0.5 | 0.0125 | 0.05 0.4 0.4 Bal Ti

Table A2.3 Commercial Pure Titanium grades and composition (% Weight).
Note: OT = Other Total (for impurity content).
[Source: Welsch et al6]
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.

ASTM Specification

Gradel | Grade2 | Grade3 | Grade4
Density (g/cm’) 4.51 4.51 4.51 4.51
Elastic Modulus Tensile (GPa) 103-107 103-107 103-107 103-107
Shear Modulus (GPa) 45 45 45 45
Poisson’s Ratio 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

Table A2.4 Commercially Pure Titanium - Mechanical properties at room temperature.
[Source: Welsch et al®]
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Figure A2.10 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 al’]

A2.5 Summary

Both Ti-6Al-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.
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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 auxiliary equipment. Some of the advantages of stainless steel include its

corrosion resjstance, ease of cleaning and aesthetic appearance.

The first orthopaedic application for stainless steel was the use of molybdenum-free
18-8 stainless steel to replace vanadium plates and screws. However this alloy was
susceptible to corrosion in-vivo. In 1946 the American College of Surgeons endorsed
316 and 317 as the preferred grades of stainless steel in place of 18-8 alloys (302 and
304). Currently the most commonly used stainless steel alfoy for implant purposes is
316L.

A3.2 316L Stainless Steel
316L stainless steel is a low carbon, high molybdenum grade of the standard 316 alfoy.

The composition of 316 and 316L alloys are detailed below in Table A3.1.

Grade | 2™ | « IMn| s1 | cr Ni P S | Other
Spec

316 A276' | 0.08| 2.0 | 1.0 | 16-18.0] 10-14.0 | 0.045 | 0.03 .

6L | A276' | 0.03| 2.0 | 1.0 | 16-18.0 | 10-14.0 | 0.045 | 0.03 | 2-3.0 Mo

Table A3.1 316 Stainless steel grades and composition (%% Atomic).
Note: Bolance of moteriol is Iron

(Source: Davis’]

316L stainless steel can be supplied in several different processing states and with slight
variations in compasition, the most common states for medical implant purposes are
316LVM and 316LS. These versions of the base 316L alloy are vacuum arc remelted

and offer the advantages of having higher punity 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.

Property Value
Density (g/cm’) 7.95
Elastic Modulus Tensile (GPa) 195
Shear Modulus (GPa) 75
Poisson’s Ratio ~0.25

Table A3.2 Mechanical properties of 316LS annealed bar at room temperature.
[Source: CarTech? ]

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.

Cold Work Percentage
Mechanical Property Annealed

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 a function of cold work.

[Source: CarTech’]
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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%%",
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Figure A3.1 S-N curve for 316L stainless steel in air.
[Source: Leﬁ‘Zer4]

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 turn reduce the fatigue life™’.
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 of pH on fatigue strength of stainless steel.
Values were determined from rotating bending fatigue tests conducted at 100 Hz and 40°C. Results are
presented for sample tested in air and 3% NaCl solution of various pH strengths.
Note: 316LN is a modified 316L alloy with additional Nitrogen to improve its strength and damage
tolerance properties.

[Source: Leﬁ‘Zer4]

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 of Nitinol.
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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 in-

service failure being reported and million dollars of this product are still sold each year’.
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A4.2 Characteristic Properties of Nitinol

Nitinol has several unique characteristic which can be taken advantage ol when
desigming medical implants and instrumentation.  These charactenstics are detailed in
this section along with a brief description of an application for each. A more detailed
explanation of the mechanisms behind these charactensiics is provided in Section A4.5.

Ad4.2.1 Elastic Deployment

Nitinol offers elasticity approximately 20 times greater than that of stainless steel’. This
clasticity can be used 10 advantage were complexs instruments need (o be passed through
narrow trochars and then deployed.  Such instruments may include suture passcrs,
retractors and retrieval bags. Another example is the Homer Mammolok illustrated in
Figure Ad.1. when deployed the wire in this device forms a tight 9 mm mdius hook. If
this device were made from stainless steel the hook radius would have to be increased 1o
50 mm, or the wire diameter reduced to 0.05 mm, either of which would cause the
instrument 10 become unusable.

Figiire A4 Howmer Mammalok®, shovw in reracted and deplfoved configurations
[Suurce: T.W Duerig ot al']
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A4.2.2 Biocompatibility

Nitinol contains approximately 50% nickel, which is considered toxic in pure form,
However, the presence of nickel does nol necessanly indicate toxicity, for example
stainless steel (Grade 316L) contains 10-14% nickel but the nickel is prevented from
imteracting with the environment by a protective oxide layer, [n the case of Nitinol, the
nickel is held *captive’ in a very stable TiO; oxide layer. Extensive in-vive testing has
shown Nitinol 1o be highly biocompatible'* more so than stainless steel, although it is
less stahle than pure titanium .

Nitinol implants have been used extensively in denbstry, orthopaedics and many other
branches of medicine, with large numbers of permanent implant being reported in
Japan, Germany. China and Russia dating back to the early 1980s®. Also several
Class 1!l Nitinol implants have been approved for use in the USA. One such product is
the Simon vena cava filter shown in Figure A4.2,

Fipere Ad 2 Longihudingl ond fronsverse v of o Stmon woa cov filfter (9 it deployed iaie,
Thts dervice wean the firnt Claxy 11 Nitiod freplont approved by the FDA
[Sowrce: T.W Duertg et al' |
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A4.2.3 Kink Resistance

Within reasonable limits Nitinol cannot be kinked. This characteristic is related to the
high elasticity previously mentioned and the shape of stress-strain curve. When strains
are increased locally beyond the plateau strain, stresses increase rapidly. As this occurs
the strain is redistributed into areas of lower strain instead of increasing the peak strain.
Thus kinking or strain localisation is prevented by the creation of a more uniform strain

profile than would occur in a conventional elastic-plastic material”.

The first application to utilise this property was guide wires, which must pass through
tortuous paths without kinking. Even very small permanent bends in these guide wires
can cause “whipping” which destroys the ability to steer the wire. Another application
for this kink resistance is small diameter instruments that can still operate smoothly

while bent, an example of which is shown in Figure A4.3.

Figure A4. 3 Kink resistance [ mm diameter grasper designed for use in urology.

The instrument shaft is composed of very thin walled Nitinol tube and wire. able to be bent around radii
of less than 30 nun without kinking.

{Source: T.W Duerig et al'}]
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A4.2.4 Constancy of Stress

When a deformed 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 for 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 al ]

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 arch-
wires, shown in Figure A4.5, are able to exert constant force and move the teeth for an

extended period of time, meaning fewer visits to the orthodontist and less pain’.



Figure A4 3 Nitinol orthedontic arch-wires apply consiant siress o the teeth
[ Sasarce T W Duarig ¢t al’}

3ol
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A4.2.5 Physiological Compatibility
Stainless steel, titanium and other biocompatible metals are very stiff and vield Tittle, if

ot all, 65 n resuli of pressure from the surrounding tissues. The hiph compliance of
Nitinol makes it one of the metals most mechunically similar to bone. This improved
physialogical similarity promotes bone growth' and healing by sharing loads with the
surrounding tissue. This charactenstic has led to applications such as hip implants,
bone staples and bone spacers’ an example of whach is shown in Figure A4.6,

Figure A4 8 An imerverebral dise spacer (v martensinic and deployed siper-elastic St
The prrompsetriven aff Nimod promaie ropid recowery dud o he vimilarities between the (mplant amd e
nirrouning it
[Somrce. TW Duevig et al'|

However, this physiological compatibility comes at & price, computational complexity.
Conventional metals are linearly elastic and readily lend themselves to both analytical
and Finite Element Analysis (FEA) methods. Nitinol, like biological materialy is much
miore difficult to model, ot only i it's behaviour non-linear but 1t also exhibits strain
dependent hysteresis, a strong temperature dependency and a permanent set (which is
also strain dependent). However, it hod been reported that there 15 0 vendor in the
Linited States of America who is able to conduct FEA analysis of Nitinal®,
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A4.2.6 Thermal Deployment

One of the most popular attributes of Nitinol devices is that they can be deployed using
the shape memory effect. One of the most common thermally deployed medical devices
is self-expanding stents, an example of which is shown in Figure A4.7. These self-
expanding stents are often used as a follow up to balloon angioplasty to internally brace

the walls of tubular passages, such as blood vessels.

=

— o
_a s

Figure A4.7 SM4 stent in the process of being deployed from a catheter.
The equilibritum shape of the sient increases six-fold as it is warmed 1o body temperaiure. The catheter
provides mechanical constraint that prevents premature recovery of the deployed shape.

[Source: T.W Duerig et al’}

Flushing chilled saline solution through the catheter keeps the Nitinol stent in the
deformed (collapsed) state until the surgeon is ready to deploy the device. When
released from the catheter, the stent is warmed by its new surroundings, recovers its pre-

programmed shape and becomes a super-elastic device.

A4.2.7 Dynamic Interference

Stents also take advantage of another useful Nitinol property, dynamic interference or a
constant force pushing radially outwards onto the vessel wall. Traditional inflated
stents require a balloon to expand and plastically deform 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-programmed
form with no spring-back. Therefore, after deployment correctly sized Nitinol stents
continue to push outward with a gentle force. Nitinol stents will also expand outwards
to 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’’. 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 200mm), the rubber band will

outperform the steel loop.

Nitinol is much the same; in a strain-controlled environment it will dramatically
outperform conventional metals®'®. 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 failing®.
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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 stiffness 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 stiffness indicated by the loading arrows. Also if further

expansion of the stent occurs the same biased stiffness is maintained.
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Figure A4.8 Biased stiffness illustrated in a stent.
[Source: T.W Duerig et al’}

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 available®.
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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 below™>”’.

Physical Properties
Melting Point 1300 °C
Density 6.45 g/cm’
Electrical Resistivity Austenite ~76—100 pQ/cm
Martensite ~70-82 uQ/cm
Magnetic Susceptibility =~ Austenite 3.7x10° emw/g
Martensite 2.4x10° emu/g
Thermal Conductivity Austenite 0.18 watt/cm - °C
Martensite 0.085 watt/cm - °C
Thermal Expansion Austenite 11x10°m” C
Martensite 6.6 x10° m”°C
Corrosion Resistance Similar to 300 series
Stainless Steel or Titanium Alloys
Mechanical Properties _
Young’s Modulus Austenite ~40 GPa (5.6 x 10° psi)
Martensite ~75 GPa (10.8 x 10° psi)
Yield Strength Austenite 195-790 MPa (28-100 x 10° psi)
Martensite 70-140 MPa (10-20 x 10° psi)
Ultimate Strength 900 MPa (130 x 10° psi)

Elongation at Failure

Transformation Properties

Transformation Temperature

Shape Memory Strain

20-40%

-200 to 110°C

8.5% maximum
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Typical Loading and Unloading Characteristics

Loading Plateau (o)) 450-700 MPa
Unloading Plateau (oy) Up to 250 MPa
Maximum Spring-back 11%

Maximum Deformation with % Permanent Set (¢,) 6%

Maximum Stored Energy 40-50 J/em®

»{';ji £,
\\\\\x\\ \xx\’%\\w

Strain

Figure A4.9 Schematic showing super-elasticity descriptors.
Stored Energy indicated by shaded area.
[Source: Duerig et al’]

Note: These values are only approximate indications of the properties of Nitinol. 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.
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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 martensitic transformation 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 1s often interpreted as a two-fold

sequence, involving Bain strain and lattice-invariant shear.

Bain strain, or lattice deformation, accounts for the atomic movements needed to
produce the new martensitic structure from the old austenitic material. Figure A4.10(a)
shows the lattice movements of conventional metals such as stainless steel which
exhibit Hooksan elasticity. In contrast, Figure A4.10(b) shows the progressive
transformation of austcnite to martensite observed in shape memory alloys. As the
magnitude of the stress increases (from Jeft to nght) the amount of martensite increases

as more layers of the lattice are deformed.
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Figure A4.10 2d schematic of the ausienite 10 mariensite transformalion.
(a) Lattice movements associated with Hookian elasticity.
(b) Progressive lattice deformation observed in shape memory alloys.
Where ‘E’ is traditional elasticity and "SE’ is super-elasticiry.

{Source: Stockel et al'®]
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The second part of the martensite transformation, the invariant-lattice shear, is an
accommodation process. The martensite produced during lattice deformation has a
different shape and volume to the surrounding austenite. To accommodate these
changes either one of two deformation mechanisms, slip or twinning, may occur. Slip
shown in Figure A4.11(a) is a permanent 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.
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(a)
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 menory alloys.

[Source Gil et al’]
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In the absence of an external applied stress and when the volume change is negligible,
the therma))y induced martensitic transformation is characterized by random martensite
plate variants, as shown in Figure A4.12. Such a transformation results in a2 minimum

or even nil macroscopic shape change’.

Figure A4.12 Microstructure of martensite.

[Source Gil et al’ ]

If a constant externally applied unjaxial stress assists the thermally induced martensitic
transformation, only a limited number of thermo-elastic martensite vanants grow. Or
altematively in the case of martensite formations 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 change’.

Figure A4.13 Microstructure of stress-induced mariensitic.

[Source Giletal’ |
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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

energy .

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, Mg. 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.

A oo

My ”"[ ‘a Ay
Figure A4.14 Relationship between free energy of martensite (M) and austenite (p).
[Source Gil et al ]

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. AGchemical On cooling for shape memory alloys, is about 10-15 J/Mol and AT
about 5-50°C. While for steels, AGchemical ranges from 1000 to 1500 J/Mol and AT
ranges from 200 to 400°C.
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Mr 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.
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Figure A4.15 Temperatures hysteresis.

[Source: Waram® ]

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 Ms,

MF, Ag and Ar as well as the shape of the hy‘steresis'l'oop can be determined.
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A4.5 Shape Memory Alloy Mechanisms
A4.5.1 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 A4.16.

High Temperature Low Temperature

e

Figure A4.16 Nickel Titanium alloy atomic arrangement upon cooling.

[Source: Waram® ]

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.

As Cooled Deformed
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Figure A4.17 Deformation of lattice or de-twinning.
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[Source: Waram® ]
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When the applied load is released at a temperature below Ag any shape change persists
since rearrangement of the twins and martensite variants does not occurred. However,
upon heating through the Ag to Ar 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 A temperature, there is no change in shape when the
unloaded material is cooled down below My 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

Heat l

Cool

1)
% - ﬁ

Low Temperature Low Temperature
Twinned Martensite Structure Detwinned Structure
Figure A4.18 Transformation between high and low temperature structures.

[Source: Waram® ]
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A4.5.2 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
A4.109.

Low High Low
Temperature Temperature Temperature

E - B

Figure A4.19 Schematic diagram of the two-way memory effect.

[Source: Waram®]

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 Ap, the martensite-austenite transformation occurs but the dislocations remain.
On cooling below Mg, 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 two-
way effect, the material simply recovers its low temperature shape and it cannot provide

force to external components.
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A4.5.3 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®™]

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 exmﬁple of an actuator where

the outside biasing force is provided by a steel spring.

Motion

4 §
SMA Steel
Spring Spring
\ \

Hot [l

Figure A4.21 Two-way motion using a biasing (steel) spring.

[Source: Waramw]
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A4.5.4 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 Ay, and
below Mp, 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 Ar

temperature below 37°C.
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Figure A4.22 Stress-Strain for a super-elastic material.

[Source Gil et al’]

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

oM

to a stress level oy 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

o4, 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 0'2{ >/ at point F, the reverse martensitic transformation starts and

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 af ¥ and the

corresponding to the reverse transformation 0'2{"3 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 al’]
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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/cm3)

Steel 0.8% 8
Cu-Zn-Al 5.0% 14
Ni-Ti 10.0% 40-50

Table A4.1 Stored energy of different materials.

[Source: Waram® ]
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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.
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Figure A4.24 Idealised temperature hysteresis.

[Source: Waram® ]

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 10-50°C. The main caﬁses 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 Mg. This damping could be used to advantage in energy-absorbing devices.
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A4.5.6 Stress-Induced Martensite Limit

As the temperature increases it becomes more difficult to stress-induce martensite.
Above a temperature, Mp, the critical stress required to induce martensite is greater than
that needed to move dislocations. Therefore, Mp, is the highest temperature at which it
is possible to form martensite. Thus the temperature range for stress-inducing

martensite varies from Mg to Mp.

Permanent deformation of shape memory alloys also starts to occur 25°C above Af and
a significant deterioration in super-elasticity occurs 50°C above Ar. Fortunately Af
temperatures between 10-30°C are easily achieved using Nitinol allowing excellent

super-elasticity to be achieved at body temperature’.
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A4.5.7 Summary of Shape Memory Alloy Deformation Processes

The thermo-mechanical behaviour of shape memory alloys is summarized graphically in
Figure A4.25. The right hand portion of this graph shows the stress-strain curve
corresponding to the deformation of martensite below Mg. The induced strain recovers
between Ag and Ar after the applied stress has been removed and the specimen heated,
thus allowing Nitinol to exhibit the shape memory effect. At temperatures above Mg,
but below Mp, stress-induced martensite is formed, leading to a super-elastic loop with
an upper and lower plateau. At temperatures above Mp 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 for a Nitinol.
Deformation and shape memory behaviour of a Nitinol alloy when deformed below My, above Ar and
above Mp,

[Source: Wayman et al*']
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A4.6 Fatigue Characteristics

A4.6.1 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 (i.e. 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 Ar. The extent of motion loss that occurs with thermal cycling
is dependent on the applied stress. Waram? 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.

A4.6.2 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’,

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

alloysl,s,l 112,19

- Histological analyses of tissues recovered after in-vivo studies tend not to exhibit
any adverse reactions’",

- Surface preparation and roughness of components can affect biocompatibility
with surface nickel levels varying depending on the finishing process used #1819,

- Nickel-Titanium alloys exhibit good biocompatibility with human osteoblasts
and fibroblasts'""!*,

- Nitinol induces no toxic effects, decrease in cell proliferation and do not inhibit
the growth of cells in contact with the metal surface'"'*™.

- Although toxic, the nickel in nickel-titanium alloys does not adversely affect
biocompatibility due to the very stable TiO, layer formed'*'®.

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 play a large part in determining
the performance of Nitinol devices. As a result of these factors the design and

manufacture of Nitinol 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 stiffness 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 stiffness and peak stress

requirements to be met.
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AS5.1 Analysis of the Z-Spring Concept

When the patient is standing upright a uniformly distributed load (UDL) will be applied
0 intervertebral disc implant, this load was specified to be 600 N in Section 4.1.1. A
moment (M) will also be apphied to the implant dunng angular deflections. Figure
AS.| shows these two loads applied to the Z2-Spring concept.

The magnitude of the moment can be determined from the stiffness coefficients
specified in Section 4.1.7. For example, duning flexion the ideal stiffness of the implant
was specified to be 2 Nm per degree. Thal is, the application of a 2 Nm moment should
cause a | degree deflection of the spring.

///s35p0t//,

Figire A3 Schwmurtic showeng the bty applied o the £-Spring comdeps
The Z-Spring sapporty o weiformdy distrilrcied foad {UDL) due to the patient’s weight ond o mismeni
{ M b idiarinig sipgailar deflechions

The application of loads will result in the Z-spring defleching and the peneration of
SIFEs3es.
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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).

Pl.lDL

Figure A5.2 Simplified Z-Spring geometry.

With the compressive load (Pupr) and moment (Mang) applied, the deflections for each
component of the Z-Spring were found analytically using Castigliano’s Second

Theorem which states.

A—.[l ﬂ]aﬂdx
o\ ET ) OP

Or in radial terms

A:IG M %Rda
o\ El ) OP

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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A5.2 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 determine the horizontal displacement (Ax, ;) an imaginary point load P, was

applied at the free end of the arc section.

Rio.
R
6 MAng
R1
R,
wil?
Using Castigliano’s Second Theorem
3
_ouU I [M J oM, RAO
where M, =M, + By, R(1-Cos8)+ F,R Sin0
and M, _ R, Sin6
0
Now P, =0, so
My,=M,, +F R (1-Cos)
Therefore
M Ang + PUDLR (1 COSQ)) . 2
Ax, —j = (Sin@)R’d6
R z
Ax, ,=—L- i I 2 (MA"gSm9+PUDLR Sin@ - P, R,Cos 0 Sin B)dﬁ

3
AXA 5 MA"gR PUDLRI

Eq 5.1
*T T E | 2E Ea>D)
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Vertical Displacement
Similarly, to determine the vertical displacement (Ay,,) at Point A, Castigliano’s

Second Theorem was solved with respect to Pypy..

Pl.lDL

Ay, 5= ou =_|-03[M'9j oM, RdO

OB, EI JoP,, '

where M, =M, + P, R (1-Cos8)

oM,

Ang

= R,(1- Cos6)

and
UDL

Therefore

7 240
Ay, = joz — ](1 ~CosO)R,*do

[(MAng + BpL Ry (1 - COSH))
R 2
By,p =] 2 (M, - M, Cos6+P,y, R, — 2P, R Cos6 + P,y R,Cos*0)d0

M Ang R12
4FE1

Ay, = 2z —4)+ PUD—LR‘3(37: ~8) (Eq 5.2)
o 4El
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A5.3 Cantilever Deflections (B-C)
The vertical displacement (Ay, ) at point A which results from the straight cantilever

section B-C deflecting was determined as detailed below.

Rio.

R,

Mx(? pmuns®®

i

o

Using Castigliano’s Second Theorem

oU M oM
Aygp - = = I A X dx
OF O\ EI )OFyy,

where M, =M
oM ,

+ Fyp (R + x)

Ang

and

=R +x
0
UDL

Therefore

! (MAng+PUDL(R1+x)) (R +X)dx
0 EI '

1 ¢t
Ayp ¢ =E O(M

Ay ¢ = I

+ Py R+ Pypyx R + x) e

Ang

M, ! Bl
Ayy o = ﬁ(ml + I)WL%[:&RI2 +3R]+ 12) ‘ (Eq 5.3)
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A5.4 Arc Deflections (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 (Ax.,) an imaginary point load Py was
applied at Point A.

Riow

@
FEERmEEEAEORAERRaEREA DY "

/

Using Castigliano’s Second Theorem

Ax =a_U=I§ M, M, b a6
C-D EI aPO 2

where M, =M
oM,

+ Py (R +1+R,Sin8)+ P (R, + R, — R,Cos0)

Ang

and

=R +R,-R,Cos0

0

Now £y =0, so

M=M, +PF,, (R +I+R,Sin0)

Ang

[(MA”g + By, (R +1+R,Sind))

= ](R1 +R, - R,CosO)R,d6

sl

M, R,

_ Ang

Axe.p = 2E1

P, R
(R, + R, —2R2)+%(ER12 + 7R R, +7lel+7szl—2Rzl+R22)

(Eq5.4)
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Vertical Displacement
Similarly, to determine the vertical displacement (Ay.,) at Point A, Castigliano’s

Second Theorem was solved with respect to Pyp.

E:L
:; MAng
R1 w:
000
000
Ao p =22 =f§[ﬂ) M, R.ao
“P 6B, 9\ EI)oB,
where M, =M, + Fp (R +1+ R,Sin0)
and M, =R, +1+ R,Sin0
UDL
Therefore
Z(\M 4, + Byp (R, +1+ R,Sin6
Ayep=]2 [( trs * T EII 25in0) )](Rl +1+R,SinO)R,dO
M, R P
Ayep = 2AEg1 2 (2R, + 7 + 2R, )+ %fz[mf +47R 1 +271* + 2R,” +8R R, + 8R21)

(Eq5.5)
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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:

M, P
Nrg = (R? + 2R, - 2R,? + 2R R, )+ LR 4 R, = 2R + ARy + R,

ot IR R +R,)

M, P,
Ao = —2—;(;:1&12 +1% + 2R + 7R R, + szz)+ 12”2; O7R,> —24R> +41° +12R[1* + ...

o+ 12R 1+ 67R R, +127R R, +37R,” +67R,I* + 24R R, +24R,*])

And in the unique cases where R;=R; =R

juAngﬂR2 PUDLR2
= + R+7d -1+ 7R Eq 5.6
@4 El £l ( ) (Eq 5.6)
M
Mg = =2 (22R? + 12 + 2RI+ 7RI)+ T2 (07R° 4 21 4 6RI® +18R* + 67R*] + 3aRI? )
2E1 6EI
(Eq5.7)

When determining the stiffness of the Z-Spring only the deflections which results from
the application of the moment, My,,, are of interest. ,‘Therefore from (Eq 5.7) the
vertical (Ay,,, ) and angular (A6, ) deflections which result from the application of

M 4,g were found to be:

M n
AY g = 22; (27R? +1? + 2RI + 7R1) (Eq 5.8)
A
AeAng = Tan"l —21};Angl]
+
(M 4 1+ 7R)
A8,,, =Tan™ Ang} (Eq 5.9)

Therefore the overall stiffness of the Z-Spring system is:

M Ang

Stiffness = - [MA,,g 0+ TER)] (Eq 5.10)
Tan™ | ——

2E]
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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.

Rio,

A l""‘Ang

/ Peak Stress

Figure A5.3 Z-Spring peak stress location,

As previously determined in Section A5.4 the moment for this component of the spring

(C-D) was determined as being:

M,=M, +PF, (R +I]+R,Sinb)

Ang

Hence if R; = R; = R the peak moment and stress can be found to be:

"MMM = ierAng + PUDL (2R + I)
and
M, +P,, 2R+I
Op, = ( Ang Uz;L( )}y (Eq5.11)
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A5.7 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 (/) 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 (/) 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 AS.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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Figure AS.4 shows the effect varving the length and radius has on the stiffness of the 7-
Spring. As detailed in Section AS.] the interverichral disc implant should have a
shifiness of 2 Nmfdeg dunng flexson. In Figure A5 4, values which are less than or
equal to this limit are highlighted in green. From this plot it can be seen a small number

of configurations meet this stiffness requirement,

o

i
5
. f)*""f-;;m (mm)
510

Figure AV 4 2. Spring wiffmens ax o funciion of flengih and rodiu

Radius (mm)

For Tengn b apecified sbiffeen win JVadey, configirmations whuch reaialt dnoa sriffeess fean then tel
baplier g h:x.lﬂ'qk.rr.l:f [ green

In Section 5.2 it was noted that Ti-6A1-4V had the highest fatigue limit of the matenals
investigaled. In order 10 achicve a life in excess of 100 million cycles using this
material, the peak stress in the Z-Spning should be less than 600 MPa for a lamellar
microstructure.  Figure AS.S shows the peak stress in the Z-Sprning for different length
and radius values. The values shown apply for My, = 2 Nm and Py = 600 N
Conligurations which result in a stress less than 600 MPa are highlighted in green.
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It should be noted that for clanty the length axis is reversed when compared to the
stiffness plot (Figure A5.4).

ol

3
Stress (MPa)

1
L
y @

AT

Radius (mm) ' y 3 Langth (mm)

Figure A5_5 Z-Spring peak stress as a fusction af fength and radi
Far Ti-6AF<4V alloy the macimuen acceprable stresy i NP, confTyneaitons witicl have o Ziresy fess
than this are highfighied (v green

Nore: for clarity the length axiy 5 reversed { compared the siffmess plisl

When Figures A54 and AS5.5 are compared it can be seen there are no suitable
combinations of length and radius which allows both the stiffness and peak stress
requirements to be meet. The configurations that do meei the stress requirements resull
in very stifl Z-Springs which would require excessive exertion vy the patient in order 10

bl

The cross section of the Z-Spring also affects the stiffness and stress values. Reducing
the Z-Spnng width or depth results m a decrease in stiffness but also causes a
significant increase in the peak stress. Conwersely increasing the spring cross seclion

causes [he stiffness 10 incréase and the peak stress to decrease.



402

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 stiffness 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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Definitions
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 turn 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.



405

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. The specification sent to

manufacturers is detailed in this appendix.
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Tain McMillan

PhD Student

Mechanical Engineering

University of Canterbury

Private Bag 4800

Christchurch

New Zealand

Phone: +64 3 364 2987 ext 7257 (day)
Fax: +64 3 343 6182

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.

ez
YID

5

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

Tain McMillan
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Bellows Specification

Pressure

Operating Pressure: Inside:  1MPa (approx)
Outside: Atmospheric

Maximum Pressure: Inside:  1.75MPa (approx)
Outside: Atmospheric

Shock Pressure: Infrequent

Displacement
Axial Displacement: 0.5mm

Parallel Offset (Lateral): nil
Peak Angular Rotation:  8°

Service Life: 100 million cycles (angular deflections)
Frequency: <IHz
0.5mm
+ 8-
- r\
) (

C S

> €

. - ) “

: ) C )

Deformation Modes

Dimensions

OD: 22mm
Installed Length: [ Omm
Maierial: Commercially Pure Titanium (CP-Ti) or Ti-6Al-4V

Operating Temperature:  =30°C
Fluid: Walter (5% aerated)

The bellows will not normally be angularly deflected. 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 (x1-5°).

If necessary the outside diameter of the bellows could be increased to 25mm but jdeally

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 Med1-4213
- NusSil SP-120

- NusSil SP-124
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AB8.1 Silbione 40047

SILBIONE® 40047, 40073, 40074,
40098, 40104

Augant 1999 TECHMICAL DATA SHEET

PRODUCT DESCRIPFTION

Aroca s MM Fusd =g orvigred s 8 sttty b Dow Corrrg Medces Grace 360 Fued Flodas
MOM Fiucs a9 Dae el COrl DOMC ety abcuire e geaistie T dardars wacoutey of
20,100, 350 1000 ara 12 500 oo Cumieer, viscoslies i oA e NG sslabe Thele fuy
e ors o Lbncar of Cica P SFvoes VDM 5 sonise 0 3 verety of BioPaiic. Fomaes
chornaied 3nd CoyQEsaied SoMErts Snd | COMDatle =i Ty SharTACeUSes COMTEE B Tcca

BIOCOMPATIBILITY

Cur madical impland pioducts ane dessgned and ieshed o mesl many of s 150 1096 booompatitsiiy
el requiremesls Tor leng term impianiable materials which can oreale substanla) savings n pocud
development and fime-io-mariet.  All mgisrials uied in ssch mandachsed IOl Bre creenes
beforehand by an MEM tissue culture lest 1l iv the responsibility of the user io perform approprate
canfirmalary testing or fhe final product o delsrming s salety. Additional besting B eveilabie by reguest

Owr misdical gragde products are manufactured under a Tully Waceabls gually sywism hel s 150 8007
Ceriified. :.".:E.hmu File referenoes including lormulation, manulecturing meihods, iesting snd
tameniogy

The user mus! carefully review ilerature lor uses where adverse efects ars reported for certain
apcications of sdicone in madical devices. The user of this malenal must independently delermine hat
amy product incofporatng ths material is sale and sMective

APPLICATIONS

MM Flad i inlended for use i & vansty of medical applications inciuding. lubncan lor plantc of Tubber
devices and insirumerts iner! protective coating and waler repellen Tém o [he skin, and a Mydoahabio
surfzce on giass #nd ceramic subsiraies

MDA Fliuset can de apched 1o Ihe barrels of plastic syringes lo insure smooth operation of he I:
may akso e vsed o oroate rubbed or plastc ubes and melsl iInsiruments fhal are inseied N

Boy MDA Fhua i recormmenced for applcation 1o hypodermic needies o alicw sasy meeTIon and s
e fof ubricating merumenis 10 permd easier moverment of (he inEtnement and 1 Minmize My o
body tasue MOM Flud may be used in congunchon »ith Rhodia's Sétione” 40097 ATY Shcone Lubncar!
for goifuerent thin o] ieeese cosbngs used r appications such ay iryDodermic nesdies and scaipe!
= .

MDA i can B uned av a0 ePeciive ubocand kot the sochebs of srilicas b and eyes I serves 35 a
Erisce coaling on leles Urethr Catheien io recuce amilslon o e uretiva TR protiet o ned g sikaboe
ubreard for repeitve ubitery oordedt on metsis

MDA Fioac can be used aa 8 condorm ubreant Fiema of MDA Fuss 5 anamd waler vapol readiy, vt dre
Faghey repelect 0 waler Bnd saber-based fusdy T rey can be tormulsied il effeches Barre ceamy and
P o protec] T son Mo walen  walerborte el and o oy sl
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MDM Fluid is ideal for treating the surfaces of glass, ceramics, enamels, plastics, rubbers, and metals.
The fiuid film provides a temporary water repellent, biologically inert barrier over the treated material. This
barrier lessens damage to blood and delays its clotting.

MDM Fluid is an effective defoamer for many foaming fluids, both aqueous and nonagqueous. Rhodia also
supplies specially formulated defoamers for medical applications requiring high defoaming efficiency.

BLENDING

MDM Fluid permits any desired blending of different viscosity grades. Although the fluid is available in a
number of standard viscosity grades, occasionally an application will 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.

Tost Results
APPEARANCE CRYSTAL CLEAR LIQUID
COLOR, BARRETT <25
SPECIFIC GRAVITY @ 77°F (25°C)

20 cps 0.95

100 cps 0.98

350, 1000, 12,500 cps 0.98
REFRACTIVE INDEX 1.400 - 1.405
VISCOSITY @ 77°F (25°C)

20 AND 12,500 cps +10% OF NOMINAL

100, 350 AND 1000 cps +5% OF NOMINAL
PART NUMBERS:

20 cps = 40074

100 cps = 40104

350 cps =40073

1000 cps = 40047

12,500 cps = 40098 : :
VOLATILE CONTENT 20 cps < 15%

100 - 1.25k < 15%
CYTOTOXICITY NON TOXIC
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: All information is offered in good faith, without guarantee or obligation for the accuracy of sufficiency thereof, or the results
obtained, and is accepted at user's risk. Nothing herein shall be construed as a recommendation for uses which infringe patents or
as extending a license under valid patenls.

. SILBIONE®is a Trademark of Rhodia
( Rhodia
Rhodia is Registered to ISO 9001

320 W. Stanley Avenue
Venlura, CA 93001
TEL: 805-653-5638 -- FAX: 805-653-2315
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Product Profile

MED-1511 and MED-2000

Silicone Adhesive

Description:

kil Teclipdogy's SED-131] sud MED-2003 are
vl conpaent sl eveling stlicetie BTV minenals
fou booidang sbacomg elastomems 1o each ol and 1o
weaize symthetics ad wetals

BAED-1 %11 fied MED-I000 cominin no sobvents and
et Al room  femperafure  Opon  eyposare 1o
atmospilee movnoe. During 1he curing process, e
silioone adlesves releass acetic acid vapor ad a by
proghact. Afer final ome the resulting  wlicone
elnstomiers poisess e appeatance. fextue nnd
geiberal compesition of many converional silicaie
elnstoigi

Advanipes of 1ese produns meluds:

=  Ciwes af wodls tenpeinmiie al assdeinte relative
lanmadiry

w  Salfdevelig fow

= Provuded movapiom wres of rendy-lo-ame fobses
for ensy application

Applications:

gl Techuodogy MED=1211 and MED-3ME nre
wad foe bonsthiige alose elpstoniess 100 enels mbier
ad 10 smng aaniheis of eeals. BMED-1511 and
RAELA-2000 qre pranficed warlwnr any addideifves and
v ot it ey giis oF plasticizers

The g chinser eholel thawesghly rest piodies newite
Lkt o orlie wase incorparaling Nusil Techaolopy
MRIEDM-1501 imed AIED-2000 10 delerome e

accepiabality of the produck’ perfomeaece oo
wpecific appl cation

Instructions For Use;

Smiface Freparntion

Surfaces fo be bomded or boilp wabi sdlicons
adlvesave shoold be cleaned thovsghly fo renvove
possble  wuisce conlnmunenis, Use 8 ooy
cheaiver or muld siag, Dh ol tive 1.!.'ull.|e|l'r d:lﬂjmh.
or oil-based soaps, s these woape meay be abzorbed
aod oy subsequently leach oor Biose copiomsly
with bet waler and follow by rnsing thommaghly with
disrilled wniei- Compatilde degrensers, wiclyae 1,§.4-
trichiloroeibinge, dany be el to ¢lédn inetal wirfnces

Tlie catalye sysveme of the adhesive o nbibned W
traces ol nledhal Fou Elns ressns aleoluels shomldd not

he sraped near e wipk sele

Bonding Applications:

Sprend a laver al wlicoe adhenve on osane of the
uirfrces.  Squeere together both wufades 0 b
bonded  Apphy mificent pressme o ejpore full
commact, wollon? forcmg the silicone adlessve om
fioa beiniess the preces

Curing Time:

Curnig @ mlsapizzpm nme depends apen e
thackises= of the silicoie aikheive Liver. tlie relonye
losnsidliny.  and  the  accessibalicy abf  siosesplienc
iarssime o Lie cinig adllesie

NT'OA] 1O1REVA
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For sections of typical thickness. a relative humidity
level between 20 to 60 percent is recommiended to
cure the adhesive at room temperature. since
controlled atmospheric moisture is an important
factor for vuleanization.

Usually the adhesive forms a tack-free outer skin for
thick section filmis within a few minutes after
application. The vulcanization rate will be slowed
where very thin films are exposed to excessive
humidity (= 80% relative air humidity). For films
below 80 microns, the relative air humidity shonld
be within 30% - 50%.

Because MED-1511 and MED-2000 cure upon
exposure to oisture vapor, the tubes must be kept
tightly closed when not in use. A plug of cured
material may form in the tip of the tube. Remove or
dispense the plug from the tube before using.

Packaging:

The acidic nature of MED-1511 and MED-2000
provides a uatural bactericidal effect. While MED-
1511 and MED-2000 coutainers may be relatively
free of microorgamisins, it canmot be considered
sterile unless subjected to a validated sterilization
process. When the adhesive is fully cured it can
withstand sterilization with ethylene oxide, dry heat,
ot steain autoclaving.

The size and shape of fabricated articles nwust be
considered when establishing conditions of
sterilization, Larger quantities and larger parts may
require longer periods of heating and may retain
ethylene oxide longer than small parts. [t is the
responsibility of the user to determine the outgassing
time required for a particular application if ethylene
oxide sterilization methods are used.

MED-1511 AND MED-2000 are available in non-
sterile tubes.

Slab

1/10 Gallon Tube

Two Ounce Tube

Two Ouuce Case (24 x 2 0z)
Five Qunce Tube

Five Ounce Case (24 x 5 02)
Six Owice Tube

Six Ounce Cage (24 x 6 oz)
Twelve Ounce Tube

Eight Gram Tube

Eight Gram Case (36 x 8am)
Five Gallon Container

Caution;

MED- 1511 and MED-2000 should not be used in the
uncured state to repair or encapsulate living tissue in
the body since acetic acid is evolved in vapor form
during the cure process, On contact, uncured
adhesive irritates eyes. Avoid contact with eyes and
skin. Contact lens wearers should take appropriate
precautions., In case of contact, flush eyes with
water. Call a physician. Remove from skin with dry
cloth or paper towel. Adhesive releases acetic acid
(vinegar-like odor) during cure. Keep out of reach of
children.

Shipping Limitations:
None
Typical Properties as Supplied:

MED-1511 MED-2000

Tack Free (minutes) 20 14

Flow (in./1 min.) 1 3
Specific Gravity 1.10 1,08
Drweonieter, Shore A 25 30
Tensile Strength (lbf‘il‘lz) /MPa 1100/76  900/6.2
Elongation, % 750 600

Tear Strength (Ib/in) / kN/m 60/10.5 50788

Test Methods:

MED-1511 MED-2000
Appearauce NTM - 002 NTM - 002
Specific Gravity NTM - 003 NTM - 003
Tack Free Time NTM - 005 NTM - 005
Durometer, Shore A NTM - 006 NTM - 006
Tensile Strength NTM - 007 NTM - 007
Elongation NTM - 007 NTM - 007
Tear Strength NTM - 009 NTM - 009
Tissue Culture NTM - 061 NTM - 061
Emission Spectroscopy NTM - 071 NTM - 071

FDA Master File;

A Master File for MED-1511 AND MED-2000 has
been filed with the US. Food and Drug
Adniinistration. The Master Files will contain the
results of applicable cliemical and imechanical
equivalency tested ns well as confirmatory biological

NT/061101/REVA



testing, Customers interested in authorization to
reference these files nust contact NuSil Technology.

Warnings About Product Safety:

NuSil Technology believes that the information and
data contained lherein is accurate and reliable:
however, it is the user’s responsibility to determine
suitability and safety of use for these materials.
NuSil Technology can not know the specific
requirements of each application and hereby makes
the user aware that is has not tested or determined
that these materials are suitable or safe for any
application. It is the wuser’s responsibility to
adequately test and determine the safety and
suitability for their application and NuSil
Technology makes no warranty concerning fitness
for any use or purpose. There has been no testing
done by NuSil Technology to establish safety of use
in any medical application.

NuSil Technology has tested this material only to
determine if the product meets the applicable
specifications. (Please contact NuSil Technology for
assistance and recommendations when establishing
specifications.) When considering the use of NuSil
Technology products 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.

No chemical should be used in a food. drug.
cosmetic, or medical application or process until you
have determined the safety and legality of the use, It
is the responsibility of the user to meet the
requirements of the US. 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 information and take the necessary
steps (o 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
assistance and recommendations in establishing
particular specifications,

Patent Warning:
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NuSil Technology disclaims any expressed or
implied warranty against the infringement of any
patent. NuSil Technology does not warrant that the
use or sale of the products cescribed herein will not
infringe the claims of any United States patents or
other country’s patents covering the product itself or
the use in combination with other products or in the
operation of any process.

Warranty Information:

NuSil Technology’s warranty period is 6 months
from date of shipment when stored below 40°C in
original unopened containers. Unless NusSil
Technology provides yon with a specific written
warranty of fitness for a particular use. NuSil
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 warranties of
merchantability and of finess for use. Your
exclusive remedy and NuSil Teclmology's sole
liability for breach of warranty is limited to refund of
purchase price or replacement of any product shown
to be other than as warranted. and NuSil Technology
expressly disclaims any liability for incidental or
consequential damages.

NT/Q61101/REVA
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A8.3 NuSil Med1-4213
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Viscosity, ¢P Part B Thixotropic
Mix Ratio I:1
Work Time, Minutes 5

Typical Properties as Supplied:

MED2-4213
Chemical Classification VMQ
Color Translucent
Viscosity, cP Part A 80,000
Viscosity, cP Part B Thixotropic
Mix Ratio 1:1
Work Time, Howrs 2
Test Properties:
Cured 24 hours @ 25°C (77°F)
MEDI1-4213
Specific Gravity @ 25°C (77°F) 1.10
Durometer, Shore A 15
Tensile Strength. psi 600
Elongation, % 650
Tear Strength, ppi. Die B 75
MED2-4213
Specific Gravity @ 25°C (77°F)  1.10
Durometer, Shore A 15
Tensile Strength, psi 600
Elongation. % 650
Tear Strength, ppi, Die B 75
Typical Cure Schedule:
Temperatwwe MEDI1-4213 MED2-4213
25°C 4-6 Hours N/A
70°C 10 Minutes N/A
100°C 5 Minutes 30 Minutes
150°C 1 Minute 15 Minutes

Substrate Consideration:

MEDI1-4213 & MED2-4213 will cure in contact with
most materials common to biomedical assemblies.
Exceptious include sulfur cured organic rubbers,
latex, chlorinated rubbers, some RTV silicones and
unreacted residues of some curing agents. Units to be
encapsulated or potted should be clean and free of
surface contaminates. Containers and dispensers to
be used with MED1-4213 & MED2-4213 should
also be clean and dry. Cure inhibition can usually be
prevented by washing all containers with clean
solvent or volatilizing the contaminants by heating,

Packaging:

Fifty ML Side by Side Kit

Two Hundred ML Side by Side Kit
Four Hundred ML Side by Side Kit
Two Pint Kit

Two Gallon Kit

Ten Gallon Kit

FDA Master File:

A Master File for MEDI1-4213 has been filed with
the U.8. Food and Drug Administration. These
Master Files contain the results of applicable
chemical and mechanical equivaleucy tested as well
as confirmatory biological testing. A Master File for
MED2-4213 is in process with the U.S, Food and
Drug Administration. These Master Files will
contain the results of applicable chemical and
mechanical equivalency tested as well as
confirmatory biological testing. Customers interested
in authorization to reference these files must contact
NusSil Technology.

Warnings About Product Safety:

NuSil Technology believes that the information and
data contained herein is accurate and reliable;
however. it is the user’s responsibility to determine
suitability and safety of nse for these materials.
NuSil Technology can wnot know the specific
requirements of each application aud hereby makes
the user aware that it has not tested or determined
that these materials are suitable or safe for any
application. It is the user’s responsibility to
adequately test and determiue the safety and
suitability for their application and MNuSil
Technology makes no warranty concerning fitness
for any use or purpose. There has been no testing
done by NuSil Techimology to establish safety of use
in any medical npplication.

NuSil Technology has tested this material ouly to
determine if the product meets the applicable
specifications, (Please contact NuSil Technology for
assistance and recommendations when establishing
specifications.) When considering the use of NuSil
Technology products 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,

NT/06110L/REVA



No chemical should be used in a food, drug,
cosmetic. or medical application or process until you
have determined the safety and legality of the use. It
15 the responsibility of the user to meet the
requirements of the 1.8, 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 information 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 Dbasis for preparing
specifications. Please contact NuSil Technology for
assistance and recommendations in establishing
particular specifications.

Patent Warning:

NuSil Technology disclaims any expressed or
implied warranty against the infringement of any
patent. NuSil Technology does not warrant that the
use or sale of the products described herein will not
infringe the claims of any United States patents or
other country’s patents covering the product itself or
the use in combination with other products or in the
operation of any process.

Warranty Information:

NuSil Technology's warranty period is 6 months
from 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 use, NuSil
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 warranties of
merchantability and of fitness for use. Your
exclusive remedy and NuSil Technology's sole
Liability for breach of warranty is limited to refund of
purchase price or replacement of any product shown
to be otler than as warranted, and NuSil Technology
expressly disclaims any liability for incidental or
consequential damages,
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Warnings About Product Safety

NuSil Teclmology believes that the information and data contained lerein is accurate and reliable. However, thie user is
responsible to detennine the matenial’s suitability and safety of use. NuSil Teclmology cannot know each application’s
specific requirements and hereby notifies the user that it has not tested or determined this material’s suitability or safety for
use in any application. The user is responsible to adequately test and determine the safety and suitability for their
application and NusSil Technology makes no wamranty conceining fitness for any use or pupose. NuSil Teclmology has
conpleted no testing to establish safety of use in any medical application.

NuSit Technology has tested this material only to detemuine if the product meets the applicable specifications. (Please
contact NusSil Technology for assistance and yeconunendations when establishing specifications.) When considering the
use of NuSil Technology products in a particular application, review the latest Matenial Safety Data Sheets and contact
NuSil Technology with any questions about product safety information.

Do not use any chemical in a food, drug, cosmetic, or medical application or process until having detemniined the safety
and legality of the use, The user is responsible to meet the requirentents of the U.S. Food and Diug Administration (FDA)
and any other regulatory agencies. Before handling any other materials mentioned in the text, obtain available product
safety information and take the necessary steps to ensure safety of use,

Speciflcations

Do not use the typical properties shovwn in this technical profile as a basis for preparing specifications. Please-contact NusSil
Technology for assistance and reconmmendations in establishing particular specifications.

Patent Warning

NuSil Technology disclaitns any expressed or implied warranty against the infringement of any patent. NuSil Teclmology
does pot warrant the use or sale of the products described herein will not infringe tlte claims of any United States® or other
country’s patents covering the product itself, its use in combination with other products or its use in the operation of any
process,

Warranty Informatlon

NuSil Technology’s wananty period is 6 months from the date of shipmeut when stored below 40°C in oniginal unopened
containers, Unless NuSil Teclmology provides a specific wiitten waranty of fimess for a particular use, NusSil
Teclnology’s sole wananty is that the product will meet NuSil Technology’s then cuurent specification. NuSil
Teclwology specifically disclaims any other expressed or implied waranty, including wanranties of merchantability and
fimess for use. The exclusive remedy and NuSil Technology's sole liability for breach of wananty is limited to refund of
purchase price or replacement of any product shown to be other than as warranted, NuSil Technology expressly disclaims
any liability for incidental or consequential damages,

§P-120, SP-121 10 March 2004
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Product Profile

SP-124
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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 % hour,
with atmospheric moisture, lower humidity will
require a longer drying time.

5. Apply appropriate NuSil Technology adhesive /
sealant.

Storage:

This material cures in the presence of atmospheric
moisture, It is recommended that an inert gas, such
as Argon or Nitrogen, be used to blanket the product
before securely re-closing the container.

Packaging:

Four Ounce Bottle
Eight Ounce Bottle
Sixteen Ounce Bottle
One Gallon Container
Five Gallon Container

Containers should remain sealed when not in use.
These primers will hydrolyze upon contact with
atmospheric moisture and reduce or destroy their
effectiveness, Hydrolization is indicated by a milky
appearance in the primers. Once occinred, the
material cannot be reclaimed and will contaminate
any unreacted primers.

Warnings About Product Safety:

NuSil Technology believes that the information and
data contained herein is accurate and reliable:
however, it is the user’s responsibility to determine
suitability and safety of use for these materials.
NuSil Technology can not know the specific
requirements of each application and hereby makes
the user aware that it has not tested or determined
that these materials are suitable or safe for any
application. It is the wuser’s responsibility to
adequately test and determine the safety and
suitability for their application and NuSil
Technology makes no warranty concerning fitness
for any use or purpose, There has been no testing
done by NusSil Teclmology to establish safety of use
in any medical application.

NuSil Technology has tested_this_material only to
determine if the product meets the applicable

specifications. (Please contact NuSil Technology for
assistance and reconunendations when establishing
specifications.) When considering the use of NuSil
Technology products in a particular application, you
should review the latest Material Safety Data Sheets
and contact NuSil Technology for any questions
abont product safety information you may have.

No chemical should be used in a food. diug,
cosmetic, or wedical application or process until you
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 Diug
Administration (FDA) and any other regulatory
agencies. Before handling any other materials
mentioned in the text, you should obtain available
prodnct safety information and take the necessary
steps to ensure safety of use,

Specifications:

The typical properties shown in this techuical profile
should not be uwsed as a basis for preparing
specifications. Please contact NuSil Teclnology for
assistance and recommendations in establishing
particular specifications.

Patent Warning:

NuSil Technology disclaims any expressed or
implied warranty against the infringement of any
patent. NuSil Technology does not warrant that the
use or sale of the products described herein will not
infringe the claims of any United States patents or
other country’s patents covering the product itself or
the use in combination with other products or in the
operation of any process.

Warranty Information:

NuSil Technology’s warranty period is 6 months
from date of shipment when stored below 40°C in
original unopened containers, TUnless NuSil
Technology provides you with a specific written
warranty of fitness for a particular use, NuSil
Technology’s sole warranty is that the prodnct will
meet NuSil Technology’s then cwrent specification.
NuSil Technology specifically disclaims auy other
express or implied warranty, including warranties of
merchantability and of fitness for use. Your
exclusive remedy and NuSil Technology's sole
liability for breach of warranty is limited to refind of

NT/090601/REVA
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puirchase price or replacement of any product shown
to be other than as warranted, and NuSil Technology
expressly disclaims any liability for incidental or
consequential damages,

NTH90601/REVA
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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 BEARING 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:
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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. Tt 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. Ifanything 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
and/or 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 adaption of a form substantially

as depicted in any one 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
defined 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 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).

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,

(i) 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 forms of the present invention will now be described with reference to the
accompanying drawings in which

Figure 1 (two views, Figures 1A and 1B) shows simplified front and isometric
pictorial views of normal 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, M.D.; 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; 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 performance,

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 rspine 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 11A and 11B) 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 12A and 12B) 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 forms, 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 form is show (cut in half and without tethers) in Figure 13 and
described in detail below.

The housing in this form comprises a tough sealed outer casing in the form 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 formed 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 confined force transferring media may take a number of forms. In its
simplest for it could be gas (eg; air, nitrogen, CO,, 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 if the 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 of the 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) itisrelatively flexible to rocking motions,

d) itis very stiff to torsional motions, and

e) itis very stiff to 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.
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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) Ifthe 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

¢) 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 turn affects the life span of the bellows
implant.

Tether systems are our favoured method for restricting the deflection of the implant.

Preferably there is a plurality of tethers.

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
implant/bone 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 of the 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 implant/bone 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 implant/bone 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 aformentioned 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 any one or more of the accompanying drawings.

8. A device of any one of claims 4 to 7 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).

9. The use of an implant defined in any one 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 any one 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:

() motion limiters external of yet attached to the housing,

(i) 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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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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FIGURE 1A FIGURE 1B

FIGURE 2
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FIGURE 3B

FIGURE 3C FIGURE 3D
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FIGURE 5A FIGURE 5B

FIGURE 6A FIGURE 6B
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FIGURE 7A FIGURE 7B
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FIGURE 8A FIGURE 8B
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FIGURE 9 FIGURE 10

FIGURE 11A FIGURE 11B
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FIGURE 12A FIGURE 12B
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FIGURE 13

FIGURE 14

FIGURE 15

FIGURE 16
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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 A10.1 show the development of tee cross section
for the endoprosthesis body. The first concept sketch Figure A10.1(a) required 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 A10.1(b). A concave
flange design, shown in Figure A)0.1(c), was developed which would wrap around the
remaining bone stock, however this was rejected due to problems associated with
modelling and manufacturing such a structure. The cross section shown in
Figure A10.1(d) is most similar to the final design. Tt features a right angle relationship
between the web and flange faces and a small transiiion curve between the web and the

flange.
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(a) (b) (¢) (d)
Figure A10.1 Cross section sketches.
{(a) Initial tee cross section.
(b) Tee cross section with reduced web thickness.
(c) Tee cross section with a concave flange 10 wrap around the remaining bone stock.

(d) Final tee cross section.
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Figure A10.2 shows the one of the first concept sketches of the endoprosthesis body.
Several versions of the femoral endoprosthesis profile were developed, however the
final design selected was similar to this sketch. Note this sketch shows screws for the

hip and knee connections.

)

Fignure A10.2 First endoprosthesis concept skewch.
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Several endoprosthesis designs were developed which allowed a tri-fin nail, identical to
the one already implanted in the patient’s hip, to be used. Sketches of these designs are
shown in Figure A10.3. 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.
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Figure A10.4 shows some of the hip screw retention systems considered. The {inal
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 minjmised any polential wear debris issues.
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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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