
 

Development of a biomimetic artificial intervertebral disc

Citation for published version (APA):
Broek, van den, P. R. (2012). Development of a biomimetic artificial intervertebral disc. [Phd Thesis 1 (Research
TU/e / Graduation TU/e), Biomedical Engineering]. Technische Universiteit Eindhoven.
https://doi.org/10.6100/IR733457

DOI:
10.6100/IR733457

Document status and date:
Published: 01/01/2012

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.6100/IR733457
https://doi.org/10.6100/IR733457
https://research.tue.nl/en/publications/8604e057-233d-42cf-b22d-8a9f54d81a3d


  

 
 
 
 

Development of a biomimetic 
artificial intervertebral disc 

 
 
 
 
 
 
  



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A catalogue record is available from the Eindhoven University of Technology 
Library. 
 
ISBN: 978-90-386-3178-3 
 
Copyright © 2012 by P. R. van den Broek.  
 
All rights reserved. No part of this book may be reproduced, stored in a database or 
retrieval system, or published, in any form or in any way, electronically, mechanically, 
by print, photo print, microfilm, or any other means without prior written 
permission by the author. 
 
Cover design: P. Verspaget 
 
Printed by TU/e Printservice 
   



  

 
 
 
 

Development of a biomimetic 
artificial intervertebral disc 

 
 
 

PROEFSCHRIFT 
 
 
 

ter verkrijging van de graad van doctor aan de 
Technische Universiteit Eindhoven, op gezag van de 
rector magnificus, prof.dr.ir. C.J. van Duijn, voor een 

commissie aangewezen door het College voor 
Promoties in het openbaar te verdedigen 

op woensdag 10 oktober 2012 om 16.00 uur 
 
 
 

door 
 
 
 

Peter Ronald van den Broek 
 
 
 

geboren te Rhenen 
  



 
 

 
Dit proefschrift is goedgekeurd door de promotor: 
 
 
prof.dr. K. Ito 
 
 
Copromotor: 
dr.ir. J.M.R.J. Huyghe 
  



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Voor Eline, mijn lieve vrouw, 

dank je wel voor je liefde en geduld 

 
 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

1 

 Summary 

Summary 
 

Development of a biomimetic artificial intervertebral disc 
Replacing the intervertebral disc (IVD) by a total disc replacement (TDR) is a 
possible treatment for degenerative disc disease. Current TDRs are ball-and-socket 
designs, aiming at motion preservation. They provide reasonable clinical results, at 
least in the short-term, although concerns remain about changes in spinal motion, 
overloading of the facet joints, adjacent segment disease, and wear. In contrast to 
these ball-and-socket designs, the IVD is a complex structure, providing an inherent 
resistance to motion, resulting in a characteristic sigmoid moment-deflection curve in 
flexion-extension and lateral bending. 
New, second generation TDRs have been proposed, which deviate from the ball-
and-socket design, and mimic some of the salient features of the natural disc. In this 
thesis, a new biomimetic artificial intervertebral disc (AID) is introduced, mimicking 
the fiber-reinforced, osmotic, visco-elastic, and deformation properties of the IVD. 
Its concept is based on the hypothesis that the better the material structure of the 
IVD is mimicked, the better its functionality is mimicked. Hence, the AID comprises 
a swelling, ionized, hydrogel core (the nucleus), and a surrounding fiber jacket (the 
annulus).  
A first prototype of the biomimetic AID was tested in-vitro in axial compression. 
The AID remained intact up to 15 kN in quasi-static compression and up to 10 
million cycles of fatigue loading, which illustrated that the design is mechanically 
safe. It was also demonstrated that its axial deformation behavior was similar to that 
of a natural disc in creep and dynamic loading, although fatigue loading introduced 
some irreversible changes in behavior. These changes were mainly caused by the 
settling of the fiber jacket, and this effect should be taken into account in further 
development. 
The biomimetic design concept was compared to other TDR designs, using a finite 
element analysis. The theoretical ability to mimic the non-linear motion patterns of 
the natural IVD was determined for two elastomeric TDRs, an elastomeric TDR 
with a fiber jacket, and a TDR consisting of a hydrogel core and fiber jacket. The 
material properties of the different designs were optimized via a computer algorithm 
to match as closely as possible the natural disc behavior. It was shown that to mimic 
the non-linear relationship between moment and deflection, a fiber envelope was 
necessary. Furthermore, no differences were found between the design with an 
elastomer core and the design with a hydrogel core. Nevertheless, from the in-vitro 
creep experiments, the advantages of a hydrogel core over an elastomeric core are 
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obvious. The hydrogel core provides osmotic, creep, and time-dependent behavior, 
characteristic for the IVD, and the possibility of insertion in a smaller dehydrated 
state, reducing the invasiveness of the surgery.  
The last part of this thesis focused on the fixation of the biomimetic design to the 
vertebrae. A finite element model of a spinal motion segment was developed based 
on a previous developed model, of which the IVD part was replaced by a model of 
the biomimetic design. The effect of different fixation methods on spinal behavior 
was determined. The model including the TDR resulted in similar ROM as the IVD 
model, and mimicked the non-linear in-vitro spinal behavior, which confirmed that 
the biomimetic concept is a suitable TDR concept. When bone ingrowth is used for 
fixation, incomplete bone ingrowth increased ROM and facet forces. When only the 
peripheral edge of the TDR was fixed to the vertebrae, spinal behavior was 
maintained, highlighting the vital role of fixation along the annular rim. Adding 
spikes for fixation improved spinal behavior, which could be considered a good 
short-term solution until bone ingrowth can occur for more optimal long-term 
performance. Alternatively, using rigid endplates also maintained spinal behavior. 
Concerns of correct load distribution favors a ring shaped endplate above a disc 
shaped one. 
In conclusion, a new biomimetic AID was proposed. The first prototype was shown 
to have ample strength and fatigue life, and it was demonstrated that it could mimic 
the axial creep and dynamic behavior of the IVD. Its motion in six degrees of 
freedom was simulated numerically and compared to other designs. The inclusion of 
a fiber jacket is a key factor in mimicking the characteristic sigmoid shape of 
moment-deflection curves. Fixation to the vertebrae was demonstrated to be a key 
issue to focus on in future research. Hence, finalizing the endplate design and 
fixation method, optimizing the properties of the AID, and standardizing the 
manufacturing procedure, should be followed up by six-degree of freedom testing in 
vitro. In parallel, animal experiments to test the fixation by bone ingrowth should be 
tested in vivo and in vitro. 
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Low back pain is a common problem in nowadays society. It can be experienced as a 
slight painful tingling in the back, but can also lead to disability in the more severe 
cases. In western countries, 12-30% [1] of people may suffer from some form of low 
back pain at a certain moment in time, but larger numbers up to 65% have been 
found for other countries [2]. Of all people, 60-80% suffers from low back pain at 
least once in their lifetime. Because of this high prevalence, low back pain is major 
economic burden. For example in the Netherlands, the total costs of low back 
ranged from €4.3-3.5 billion from 2002-2007 [3]. 
Although the exact cause of low back pain is often unclear, it is generally believed 
that degeneration of the intervertebral disc (IVD) is directly or indirectly related to 
the experienced pain. 
The treatment of low back pain often starts with conservative treatment like 
physiotherapy or chiropraxis. When these therapies fail, surgical treatments like a 
discectomy may be performed. In severe cases, the dysfunctional IVD can be (partly) 
removed and the vertebrae fused. Because significant concerns remained about 
fusion, like loss of motion, new techniques have been introduced. One of these 
techniques is the replacement of the entire dysfunctional IVD with an artificial 
substitute or total disc replacement (TDR). The goal of this type of treatment is pain 
relief, while keeping or restoring the natural IVD function. 
Currently, a few TDRs have been clinically used. Their clinical success rates are 
reasonable, but not superior to fusion. Several concerns of TDRs remain, like wear, 
adjacent segment disease, facet overloading and the lack of long-term clinical data. 
In this thesis, a novel type of TDR, a biomimetic artificial intervertebral disc (AID) is 
proposed, which aims on mimicking the motion and deformability of the natural 
IVD. Its biomimetic concept is based on the design principle that to mimic the 
function of the natural IVD, also its structural components should be mimicked. 

Thesis outline 
To develop a biomimetic AID, it is important to understand the application field i.e. 
the human spine. In addition, the available treatment possibilities and their success 
should be known. Therefore, in Chapter 1 first the anatomy of the spine and the 
IVD are discussed after which the biomechanical behavior of the spine and the IVD 
are described. Secondly, low back pain, the role of the dysfunctional IVD, and 
surgical treatments are discussed.  
 
In Chapter 2, the current status of total disc replacements is covered. Clinical 
designs are described and their clinical success and biomechanical behavior 
discussed. A second generation of TDR designs is introduced. 
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In Chapter 3, the new biomimetic AID is presented in more detail. First, general 
design considerations are discussed followed by the general design concept. Next, 
the theoretical design benefits are discussed and the first prototype described. 
 
The AID should be a strong and durable device, and it should mimic the behavior of 
the IVD. In Chapter 4, the strength and fatigue life of the biomimetic AID 
prototype are tested, and its axial compression behavior is compared to that of the 
natural IVD. 
 
In Chapter 5, the design concept of the biomimetic AID is compared to other 
designs. Using the finite element method, their ability is determined to mimic the six-
degree of freedom motion, characteristic of the IVD. 
 
Fixation to the vertebrae is an important aspect of the biomimetic AID, and 
expected to influence its function. In Chapter 6, a finite element model of a spinal 
motion segment is presented, including a model representing the biomimetic design 
concept. With this model, the effect on spinal behavior is evaluated for several 
possible fixation methods. 
 
Finally, in Chapter 7, the main results and conclusions are discussed and an outlook 
with recommendations is given for further development. 
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In developing a replacement for the intervertebral disc, it is necessary to know the 
tissue it should replace, and the environment in which it will be implanted. In this 
chapter, the anatomy of the lumbar spine and the intervertebral disc are described, 
and the spinal mechanical environment is discussed. To understand why a new 
biomimetic artificial disc is proposed, clinical and in-vitro results of current 
treatments are discussed, as well as new design developments. 

1.1 General anatomy of the lumbar spine 
The spine is one of the main load bearing parts of the human body. It transmits 
loads and moments, provides motion, gives the body its posture, and protects the 
spinal cord. Hence, the spine provides both motion and stability. The spinal column 
(Figure 1.1, left) consists mainly of vertebrae and intervertebral discs (IVDs). In 
addition, ligaments and muscles add stability to the spine, and make movement 
possible. Four spinal regions can be distinguished; a cervical, thoracic, lumbar, and a 
sacral region. This thesis focuses on the lumbar region, ranging from the L1 vertebra 
to the sacrum (S1). The five IVDs between the vertebrae are the L1-L2 to L5-S1. 
The sagittal curve in the lumbar region (Figure 1.1, left) is concave towards the back, 
in other words has a lumbar lordosis. 
 

 
Figure 1.1 The lumbar spine (left), with IVDs and vertebrae, and one vertebrae (right) with the anterior 
part, above the dashed line (the body) and the posterior part (the arch). 
 

1.1.1 The vertebrae 
The lumbar vertebrae consist of a weight-bearing body and a vertebral or neural arch 
(Figure 1.1, right). The spinal cord runs through the foramen between the body and 
the arch. The vertebral dimensions vary per level and per person. The transverse and 
sagittal diameters of the lumbar kidney-shaped vertebral bodies increase from L1 to 
L5 [4,5] and are on average 50 and 35 mm [6], respectively. 
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The neural arch (Figure 1.1, right) comprises two pedicles and two laminae. The 
processes on the arch function as lever arms and anchors for many ligaments and 
muscles. The superior and inferior articular processes of two adjacent vertebrae form 
the facet (or zygapophysial) joints. (Figure 1.1). These small joints are covered with 
hyaline cartilage, surrounded by a synovial membrane, and the capsular ligament.  
The vertebral body mainly consists of trabecular bone. The outer shell of the 
vertebrae is made of a thin compact bone shell of about 0.1 - 1.12 mm [7,8]. The 
superior and inferior shell parts are the bony endplates. They are strongest around 
the 5 – 8 mm [4] wide peripheral rim (Figure 1.1, right), especially postero-lateral in 
front of the pedicles [9]. 

1.1.2 The intervertebral disc 
One third of the spine is accounted for by IVDs [10]. They consist of three 
integrated parts, the nucleus, the annulus, and the cartilaginous endplates  
(Figure 1.2). Lumbar IVDs are not uniform in thickness, but wedge shaped, with the 
anterior height larger then posterior height [11], although also wedge angles smaller 
than 1° have been found [4]. The average IVD thickness is 10 mm (6-14 mm) [6], 
with a wedge angle of 6-14° [6].  
The integrity of the IVD is maintained by the cells, and dependent on the balance 
between synthesis, breakdown and accumulation of matrix macromolecules [10]. To 
produce matrix, cells need nutrients. Because the IVD is very large and avascular, the 
cells receive nutrient by diffusion through the dense extracellular matrix of the 
nucleus [12-14], starting from the endplates and the outer annulus.  
 

 
Figure 1.2 A schematic drawing of the IVD (left) and the motion segment (right) [10] with a cross-section of 
the IVD, with the nucleus pulposus (NP), the annulus fibrosis (AF), and cartilage endplate (CEP), as well 
as a cross-section of the superior vertebra (VB). The spinal cord (SC), one nerve root (NR) and apophysial 
joints(AJ) are depicted. 
 

The nucleus 
The distribution of the main IVD components is non-homogeneous (Figure 1.3). 
The nucleus, covering 30-60% of the disc area [15,16], mainly consists of 
proteoglycans (PGs), random orientated collagen fibers (80% type II), radially 
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arranged elastin fibers, and chondrocyte like cells in a relative low density of 
5000/mm3 [10]. Collagen makes up 20% of the dry weight of the nucleus [10]. PGs, 
making up around 30-50% of the dry weight [17], contain fixed negative charges. Via 
a process called Donnan osmosis, these charges attract water, resulting in a water 
content in the nucleus of 70-80% [10,17], and in a large osmotic pressure in the disc 
(0.2-0.3 MPa [18]). 
 

 
Figure 1.3 The distribution of the main components of the IVD, H2O, collagen and PGs, (adapted from 
Bibby et al [19]). 
 

The annulus 
The annulus fibrosis (AF) surrounds the nucleus, and consists of 15-25 lamellae, 
200-400 µm thick, with parallel structured type I and II collagen fibers (80% of the 
dry weight [10]). The content ratio of collagen I over collagen II increases towards 
the outer annulus. The fibers are oriented at an angle of 60° to the vertical axis, and 
alternately run in clockwise and counterclockwise direction. The fibers anchor in the 
vertebral bone and its periosteum, and are interwoven with the trabeculae [20]. 
Hence, they connect the ossified vertebral rims of two adjacent vertebrae, which is 
particularly suitable for resisting of shear forces [21]. The PG and water content are 
20 and 70% of the wet weight, respectively [10]. Also elastin fibers are found in the 
lamellae [22,23], and help the disc to return to the original shape after deformation. 
The cells in the annulus are fibroblast like and aligned with the collagen fibers [10]. 
Nerves can only be found in the superficial outer layers of the annulus [20]. 

The cartilage endplates 
The cartilaginous endplates form the superior and inferior boundaries of the IVD 
[17], and function as a protection of the vertebral body to pressure atrophy, confine 
the annulus and nucleus within their anatomical boundaries, and are a semi-
permeable membrane to facilitate fluid exchange between nucleus, annulus and 
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vertebral body [20]. The endplates comprise hyaline cartilage at young age, and only 
attach loosely to the rims of the vertebrae. Later in life they calcify and also adhere to 
the trabeculae of the body [20]. The collagen fibers within the endplate run 
horizontal and parallel to the vertebral bodies, with the fibers continuing into the 
IVD. The thickness is usually less than 1mm [10].  

1.1.3 Ligaments, muscles, and innervation. 
Seven spinal ligaments (Figure 1.4) are distinguished. The anterior longitudinal 
ligament runs from head to pelvis, and attaches to the edges of the vertebral bodies. 
The posterior longitudinal ligament attaches to the IVDs and the adjacent margins of 
the bodies. The capsular ligament connects the two sides of the facet joints in a  
c-shaped way, mainly at the superior, inferior and dorsal side.  
 

 
Figure 1.4 Ligaments of the spine. 

 
The ligamentum flavum is the interlaminar ligament, and connects the superior 
surface of the inferior lamina with the inferior surface of the superior lamina. 
Laterally, the ligamentum flavum attaches to the articular processes. The 
supraspinous ligament, and interspinous ligament bridge the interspinous spaces, 
where the supraspinous ligament is attached to the tips of the spinous processes, and 
the interspinous ligament lies in between the supraspinous ligament and ligamentum 
flavum. The intertransverse ligament connects the transverse processes of the 
vertebrae. The different ligaments vary in size and properties, and sometimes are 
even difficult to exactly separate, e.g. the interspinous and supraspinous ligaments 
are sometimes regarded as one.  
The muscles attach to ribs, to the transverse processes, to the spinous processes, and 
some to the IVDs. At the other side, the muscles attach to the pelvis or the sacrum. 
Most spinal structures are innervated, except the nucleus and inner annulus [24]. 



 

14 

 Development of a biomimetic AID

1.2 Spinal motion 
The IVD, its adjacent vertebrae and attached ligaments form together a spinal 
motion segment (SMS). The SMS should therefore not be regarded a single joint, but 
a three-joint complex. Consequently, spinal motion is complex and depends on  
1) the geometry and the behavior of the intervertebral disc and vertebrae, 2) the 
ligaments geometry and stiffness, and 3) the shape and orientation of the facet joints.  
Rotation and translation is possible in three orthogonal planes; the transverse, sagittal 
and coronal plane. The degrees of freedom (DOFs) of motion are flexion-extension, 
left and right lateral bending, left and right axial rotation (or torsion), axial 
compression/traction, antero-posterior translation, and lateral translation. 

1.2.1 Characterizing spinal motion 
Spinal motion and stability are mutually competing features; unconstrained motion 
decreases the stability and load bearing capacity of the spine, while on the other hand 
constrained motion (e.g. a stiffer IVD) increases stability, but decreases the amount 
of motion. Therefore, the SMS is a compromise, and is a semi-constrained system 
allowing physiological motion until certain angles, and restraining excessive motion. 
This results in SMS bending and torsion motion characterized by a non-linear 
sigmoid moment-angle curve (Figure 1.5). This curve is defined by the range of 
motion (ROM), the neutral zone (NZ), defined as the part of the curve where the 
spine deforms easily, with only a small increase in moment, and the elastic zone 
(EZ), which is the part of the motion curve where the stiffness increases as the load 
increases [15]. Spinal motion is frequency or rate dependent, due to the time-
dependent (poro)-viscoelastic properties of the IVD, facet cartilage and ligaments. 
Hence, the motion curve varies with different loading conditions.  
 

 
Figure 1.5 Non-linear moment-angle curve describing spinal motion, with NZ the neutral zone, and EZ the 
elastic zone of one side. 
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Motion in one DOF may induce motion in other DOFs, which are the coupled 
motions. For example, in lateral bending the spine is forced to undergo flexion 
and/or axial rotation, and axial rotation induces lateral bending [25]. 
When viewed in a 2D plane, bending of the spine means motion around the center 
of rotation (COR), which may shift during the loading process. For example, in 
flexion the COR shifts anteriorly [26], and in axial rotation towards the loaded facet 
joint [26]. The beneficial effect of a shifting COR is that the facet joints may be 
unloaded during bending.  

1.2.2 Behavior of the IVD and influence on SMS 
The IVD gives flexibility to the spine, but also constrains motion and is a primary 
stabilizer for the segment [25]. It is always under load of bodyweight and muscles 
forces. Its structure and components make the IVD a complex, osmotic, poro-
viscoelastic, deformable body. The osmotic pressure in the IVD pre-stresses the 
annular fibers, which in turn constrain the swelling, allowing the building up of 
intradiscal pressure (IDP), which makes the IVD very suitable for resisting 
compressive forces. The annular fibers resist tensile loading, increasing IVD stiffness 
at higher bending angles. In addition, axial rotation is mainly resisted by the fibers.  
During prolonged loading, the IVD creeps by outflow of water, resulting in that the 
loading is carried more by the solid matrix and in an increased osmotic pressure. The 
fixed charge density affects the amount of creep, and rehydration after a period of 
high loading. The creep rate of the IVD is load dependent, with e.g. 0.2-0.6 mm/h 
creep under dynamic loading up to 2 kN [27].  
Creep and rehydration occur also in a day and night cycle. During the day, loads are 
relatively high and water flows out, while rehydration occurs overnight. During this 
diurnal cycle, around 25% of the IVD's fluid flows in and out, causing a 1-2 cm 
height variation for the whole spine [19], i.e. an averaged lumbar disc height variation 
of 1.5 mm [28].  
Lower fluid content is accompanied by a reduction in energy dissipation; hence, 
dehydrated discs behave more like an elastic solid and less like a fluid. In general, the 
stiffness of the IVD in compression or bending depends on fluid content, swelling 
pressure, loading rate, preload etc. For example, fluid outflow decreases bending 
stiffness, but increases compressive stiffness [29]. The stiffness of the IVD is non-
linear and rate-dependent, with an increasing stiffness with increasing strain [30], and 
increasing strain rate [31,32]. A compressive preload makes the IVD motion less 
non-linear [33]. Hence, the behavior of the disc is time-dependent, history 
dependent, and varies throughout the day. 
The IVDs axial stiffness ranges between 0.5-2.5 kN/mm [16,30,33-37], and increases 
with larger displacements up to 4 kN/mm [16,37]. Its dynamic compressive stiffness 
is higher with increasing frequency up to 8.0 kN/mm [31,32,38]. No large 
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differences exist between the axial stiffness of the isolated IVD, and the complete 
SMS, because the IVD bears about 80% of compressive spinal load [39]. Shear 
stiffness can vary between 50-400 N/mm [32,36,40-42] but can be up to 700N/mm 
with the posterior elements attached [33,41]. Also shear stiffness increases with 
preload [33]. Lateral shear is often up to two times stiffer than antero-posterior 
shear. 
The IVD bears 20-50% of torque, and 29% of flexion loading [39] of a motion 
segment. Rotational and bending stiffness data on the isolated IVD are however 
scarce. Some studies [32,34,41,43,44] on (semi-) isolated disc (including anterior and 
posterior ligament) determined rotational stiffness of 0.5-5 Nm/° in lateral bending, 
0.5-4.5 Nm/° in flexion-extension, and 0.5-4.5 Nm/° in axial rotation, depending on 
preload, and loading rate. With posterior elements intact torsional stiffness increases 
up to 10 Nm/° [34,41]. It becomes clear that the IVD, with its non-linear osmo-
visco-elastic properties, plays a significant role in bearing loads and in allowing a 
controlled amount of motion.  

1.2.3 Role of the other components in spinal motion 
The vertebral bodies, together with the IVD, carry a large part of the compressive 
loads, with the cortical shell providing 45-75% of the resistance to axial loads [45]. 
The compressive strength of lumbar motion segment varies between 2-14kN [39] (or 
1.0-5.0MPa [15,46]). Generally, the IVD is stronger than the vertebrae [47]. The 
bony endplates can deform 0.1-0.2 mm [48-50], and are the weakest link during 
compression.  
The apophyseal joints stabilize the lumbar spine by resisting shear and torsion, and 
by resisting an increasing proportion of the compressive force when the spine is in 
extension [39]. In flexion, they bear only minimum loads. The posterior elements 
and facet joints support 16% of the axial load [51]. Facet loading is depending on 
facet orientation, and geometry and kinematic patterns of motion.  
Ligaments need to allow physiological motion and help the muscles to provide 
stability to the spine, and show strong non-linear behavior [52,53]. The ligaments 
bear large parts of bending loads, e.g. the facet capsule contributes 39% and the 
ligaments 32% [54] to flexion resistance. ROM and neutral zone increase 
significantly when removing ligaments one by one Heuer et al [55].  

1.3 To determine spinal motion 

1.3.1 Loading of the spine 
Exact in-vivo spinal loads, like torque and moments, are difficult to measure and 
largely unknown [39]. Axial loads can be estimated using the body mass (percent 
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body weight) above a specific level. Loading can also be estimated by measuring 
intradiscal pressure using a pressure needle inserted into the IVD [18,56]. Intradiscal 
pressure ranges from 0.1 MPa while lying, to 1-3 MPa, while standing or lifting 
[18,57]. Compressive forces are typically 2kN during heavy lifting, but can increase 
during all kind of activities up to 5-6kN. Granata [58] estimated with an EMG 
assisted biomechanical model that that shear loads can range from 1100-1500N 
during lifting of 14-27kg objects, while compressive forces went up to 5300-6900N. 

1.3.2 In-vivo motion 
Rotations of spinal segments can be measured, for example using X-ray imaging, via 
Cobbs method. However, Cobbs method is not very accurate [59], and a main 
disadvantage is that the measured ROM can often not be correlated with the exact 
moments. In-vivo ROM for the whole spine was determined for maximum bending 
or rotation [60], leading to average angles for healthy adults of 55° flexion, 23° 
extension, 22° lateral bending, and 14° axial rotation. Lumbar segmental ROM was 
determined via radiographs to range on average between 8-13° in flexion, 1-5° in 
extension, 0-6° in lateral bending, and 0-2° in axial rotation, varying among lumbar 
levels [61,62]. 
Literature values for COR vary significantly [26]. White and Panjabi [15] locate 
flexion COR anteriorly, extension ROM posteriorly. Lateral bending COR was 
depicted in the contralateral side of the disc. Axial rotation COR is generally more in 
the center of the IVD.  

1.3.3 In-vitro 
A more direct coupling between spinal moments and angles can be determined using 
in vitro test setups. Three types of loading protocols have been used; displacement 
controlled, load controlled`, or a hybrid method. In-vitro setups can represent the in-
vivo situations pretty well [56,63], although with large defects it is advised to include 
the effect of muscle forces [56].  
When testing multiple levels, and studying surgical treatment effects it, is important 
to use the proper loading protocol. The benefit of applying free (or pure) moments 
is that these moments are distributed evenly down the spinal column, subjecting each 
spinal level to the same identical pure moment [64]. In practice, however, the same 
motion pre- and post-surgery is necessary to for example, reach a pen on the ground. 
To cover this, the hybrid protocol was developed, which uses free moments, which 
are tuned to reach a fixed target angle [64]. The underlying question with these 
protocols is whether the spinal motion is displacement driven (how far do I want to 
bend to reach the pen on the ground) or load driven (which forces and moments do 
I apply on my spine to reach the pen). For example, when lifting loads, moments are 
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probably similar before and after surgery, and free moment (load control) would be 
the best choice for analysis [65].  
Because of different loading protocols, different types of samples and equipment, 
ROM values vary largely. For example, the amount of preload, or follower load may 
[44,66] or may not [67] influence ROM. In addition preconditioning, applied 
moment, or humidity conditions [68] can influence the results. As an example, at 10 
Nm the average lumbar flexion ROM ranges from 4-10°, extension from 2-8°, lateral 
bending from 2-7°, and axial rotation from 0-3° [69-71], depending on lumbar level. 
Nevertheless, optimally the complete moment-angle curves are measured [72], like 
depicted in Figure 1.5. 

1.3.4 In-Silico 
Computer models can be very helpful to better understand spinal motion, stresses, 
and effects of surgery. Many models have been development, from simple elastic 
disc models, to more accurate disc models including osmo-visco-elastic behavior 
[73,74], and from one motion segment model [75,76] to multi-level models [77,77]. 
Important factors in modeling are the verification of the model, validation with 
experimental results and its sensitivity [78].  
Many models of the spine are only validated by ROM values. However, because of 
the large number of unknowns, validating the complete SMS with only ROM values 
will result in set of material properties that is not unique. In addition, a model 
validated only for the complete SMS will predict less well defect states like facet or 
nucleus removal [79]. An additional effect, demonstrated by Noailly et al [80], is that 
two different validated model with different geometries can match IVD ROM very 
well, while their predictions of the internal parameters like facet or ligament stress 
may vary significantly. This indicates that a validation using some global parameters 
does not guarantee the relevance of predictions of properties not directly linked to 
the measurable data [80]. 
To validate models more accurately, validation is extended by adding for example 
axial displacement and intradiscal pressure [75] values. To describe the spinal motion 
more accurately, validation on the whole non-linear moment-angle curve may be 
performed [81]. Schmidt et al [79] went another step further, describing a stepwise 
validation procedure of an SMS model, using experimental moment-angle data from 
Heuer et al [82]. In their study, first the behavior of the annulus between two 
vertebra was validated, followed by the combined behavior of nucleus and annulus, 
and then stepwise the addition of facets, and ligaments.  
In-silico models should be used with care, and limitations in modeling techniques, 
material and loading properties should be discussed. Nevertheless, modeling can give 
insight in processes or treatments by determining properties like facet or annular 
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stress, that are difficult or even impossible, very expensive or time-consuming to 
measure in-vitro, or in-vivo. 

1.4 Low back pain and disc degeneration (DD) 
Low back pain is often related, directly or indirectly, to degeneration of the IVD, 
although in many cases disc degeneration is asymptomatic [83]. Different sources of 
pain can be the annulus, the endplates, the facet joints, the facets capsules and the 
posterior (interspinous and supraspinous) ligaments [17]. The increased vascular and 
neural ingrowths seen in degenerated discs have been associated with chronic back 
pain [84]. Thinning of the disc height due to degeneration brings the vertebrae, and 
therefore also the arches closer together. A consequence thereof is the possible 
impingement of nerve roots, resulting in back or leg pain.  
Adams and Dolan [85] suggested that the word 'degeneration' implies structural as 
well as cell-mediated changes in tissues, and that it represents some mechanical or 
nutritional 'insult' superimposed on the normal ageing process. Disc degeneration 
was found with MRI in as many as one third of children aged 15 and in over 40% by 
age 18 [86]. Declining nutrition, decreasing number of viable cells, modification of 
matrix proteins, accumulation of degraded matrix molecules, fatigue failure of the 
matrix, and genetic mutations can play role in disc degeneration [10,17]. 
With degeneration, proteoglycan size and content decreases, reducing the osmotic 
pressure of the disc, resulting in a loss of hydration [87]. Collagen becomes more 
denatured [88], and the pH changes due to accumulation of metabolic products [17]. 
Consequential, the nucleus becomes smaller and fibrocartilaginous, and the 
concentration of viable cells decreases [17]. Often the annular lamellae become 
irregular, bifurcated and interdigitating, and the collagen and elastin networks appear 
to become more disorganized [10]  
Hence, the degenerative process begins in the nucleus, progresses in the annulus, 
leading to loss of disc integrity [89], which will influence the disc mechanical 
behavior. For example, a decrease in disc height and volume [83] will influence the 
motion of the SMS, and also a decrease in intradiscal pressire will affect the disc, 
which will become less stiff in flexion, due to lack of tension in the annulus [90]. In 
general, IVD behavior becomes less fluid-like and more solid-like. An increased 
segmental motion was found with degeneration up to grade 4, and a decrease with 
grade 5 (scale 1-5) [91].  
Because the IVD plays a significant role in spinal motion and load bearing, other 
tissues need to compensate when the disc function fails. For example, with 
degeneration, a larger part of the loads is shifted towards to posterior elements and 
facet joints.  
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1.4.1 Herniation 
A more dramatic change in disc integrity is caused by sequestration or herniation, 
which results from the migration of isolated, degenerate fragments of nucleus 
pulposus through pre-existing tears in the annulus fibrosus [92]. Herniation-induced 
pressure on the nerve root cannot alone be the cause of pain, because more than 
70% of 'normal', asymptomatic people have disc prolapses pressurizing the nerve 
roots but no pain. [93,94]. In symptomatic individuals, probably the nerves are 
somehow sensitized to the pressure [95], possibly by molecules arising from an 
inflammatory cascade. Prolapsing of the disc normally does not lead to back pain but 
to leg pain [39].  

1.5 Surgical treatments of low back pain 
Treatment of low back pain problems always start with conservative therapies like 
physiotherapy or chiropraxis, sometimes followed by surgical treatments like 
discectomy. However, when in severe cases, these therapies fail, and the disc is 
indeed diagnosed as a direct or indirect source of pain, more invasive surgery may be 
needed. Several possibilities will be discussed, i.e. fusion, dynamic stabilization, 
nucleus replacements or total disc replacements (TDR). 

1.5.1 Fusion 
The golden standard in spinal surgery is fusion (or arthrodesis) of two vertebrae 
adjacent to a dysfunctional IVD. The rationale of this procedure is to reduce pain by 
removing motion and bringing the degeneration process to its end stage [90]. During 
this procedure, the disc space is partly or totally cleared and filled with bone graft 
material to force the vertebrae to grow together. Often an intervertebral cage is 
inserted to maintain the distance between the vertebrae. To improve the fusion rate 
initial fixation and stabilization can be realized by plates and screws.  
The main concerns of fusion are lack of pain relief, loss of motion, pseudoarthrosis, 
sagittal balance malalignment, bone graft donor site morbidity, and adjacent segment 
disease [25,90,96,97]. Arthrodesis has a clinical success rate of 49-88% [25,98], 
although in a randomized controlled trial comparing arthrodesis and arthroplasty 
success rates of about 50% were found despite solid fusion rates of 100% [99,100]. 
This illustrates the problem with fusion of the dissociation between a radiographic 
successful fusion and clinical success of relief of pain [90]. Many improvements in 
fusion techniques over the last 20 years did not lead to improvements of clinical 
outcome [101]. For example, although spinal cages stabilizes the spine, preventing 
movement, and improving bone ingrowth, similar complications occur compared to 
traditional fusion [102]. 
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1.5.2 Dynamic stabilization 
Dynamic stabilization aims at stabilization of a diseased motion segment by 
introducing some stiffening to the SMS while transferring load away from the 
diseased disc and annular tissue [103]. A consequence of unloading of the IVD is 
often a decrease in ROM. Dynamic stabilization is performed by interspinous 
spacers or by springs or dampers connected to the two vertebrae by pedicle screws. 
An example of a device used between pedicles is the Dynesys® (Zimmer Spine, 
Minneapolis, Minnesota) (Figure 1.6), an elastic polyurethane rod-shaped spacer, 
including a polyethylene terephthalate cord to resist tension. The X-stop® (St 
Francis Medical Technologies, Alameda, California, USA) is an example of 
interspinous spacer (Figure 1.6) used in the treatment of stenosis. Stabilization may 
slow down the degeneration process, but will not prevent further degeneration 
completely, and second surgery is probably needed. 
 

 
Figure 1.6 The Dynesys, a spacer between the pedicles, and X-Stop, an interspinous spacer. 

 

1.5.3 Nucleus replacement 
Nucleus pulposus replacements (Figure 1.7) can replace the degenerated nucleus, to 
restore a decreased disc height. To implant a nucleus replacement the remaining 
nucleus material is removed through a small incision in the annulus, after which the 
replacement is inserted through the same incision, which is then closed. The PDN 
(Raymedica Inc, Bloomington MN) [104] is inserted in a small form and swells to fill 
the nucleus space. The NUBACTM (Pioneer Surgical Technology, Marquette, 
Michigan, USA), is an articulating poly-etheretherketone (PEEK) device [105], and 
the Regain disc (Biomet, Warsaw, Indiana, USA) is a one piece pyrolytic carbon 
device, with a stiffness identical to bone.  
 

 
Figure 1.7 The PDN, Regain, NUcore, and NUBAC nucleus replacements. 
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The NuCore® injectable nucleus hydrogel (SpineWave, Inc, Shelton, CT, USA) [106] 
is inserted in liquid state and polymerizes in situ. The latter minimal invasive 
technique aims to be used in early stage degenerative disc diseases. Many other 
designs have been proposed [107,108]. 
One problem of nucleus replacements is the high risk of extrusion due to difficulties 
with closing the annulus after insertion. Other problems are migration, subsidence, 
endplate changes, and wear debris [107,109]. A problem with in-situ polymerizing 
designs is the remaining toxic monomers [108] when polymerization is not 100%. 
When these problems can be overcome, nucleus replacements may be a promising 
technique. However, the requirement of an intact annulus restricts the use to the 
early stage of degeneration. A suitable application may be to accompany discectomy 
after herniation, as a way of restoring the disc height [110]. Unfortunately, a nucleus 
replacement will not stop the degeneration cascade, and degeneration of the 
remaining disc tissue in the post-operative period may lead to reoccurrence of pain. 

1.5.4 Total disc replacement 
Total disc arthroplasty is the replacement of the entire intervertebral disc. The 
rationale of disc replacement by a prosthesis or total disc replacement (TDR) is to 
allow pain relief while keeping or restoring function [101]. The first clinically used 
disc prosthesis was the metal Fernström ball in the late 1950s [111] (Figure 1.8). 
Although short term results were good, this ball caused segmental hypermobility and 
a high risk of subsidence [101,112]. The Acroflex [113] (Figure 1.8), a design of a 
rubber between two plates, was inserted in six patients, but this concept was 
abandoned due to mechanical failure of the polymer, and possible carcinogenic 
effects [114-116]. Since then, many designs have been proposed [112], but only few 
have reached the clinic. The most important designs and developments are discussed 
in the following chapter. 
 

 
Figure 1.8 The Fernström ball (left), and the Acroflex (right) total disc replacement 
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Generally, total disc replacements (TDRs) can be divided in designs aiming at 
maintaining motion (like Fernström’s ball) and designs aiming at motion and shock 
absorbance (like the Acroflex). All current clinically designs are of the ball-and-
socket type, and aim at restoring motion. A reasonable amount of data is available on 
these designs. A second generation of prostheses is also under development and 
clinical trials have been started. These newer designs are closer to the Acroflex, and 
include compliant materials to allow motion by deformation and shock absorption, 
aiming at mimicking the behavior of the IVD more closely. 

2.1 Clinical Designs 
The four major first generation designs are Charité III, Prodisc II, Maverick and 
Flexicore (Figure 2.1). The Charité and Prodisc are metal-on-polymer bearing 
surfaces. Maverick and Flexicore are metal-on-metal bearing surfaces.  

 

 
Figure 2.1 Four first generation TDRS, The Charité, Prodisc, Maverick, and Flexicore. 

 

2.1.1 Charité III 
The Charité artificial disc (DePuy Spine, Raynham, MA, USA) consists of a ultrahigh 
molecular weight polyethylene (UHMWPE) sliding core between two cobalt-chrome 
alloy endplates [117]. It is not a true ball-and-socket design, but a mobile bearing 
design, and its COR can shift during motion. Schellnack and Büttner-Janz developed 
the first version of the Charité disc in 1982. The current version, Charité III has an 
increased size of endplates compared to the first version to prevent subsidence, and 
a wider range of sizes of the core, and endplates to fit the variability in patients better 
[117]. The Charité relies on endplates with spikes for initial fixation. Long term 
fixation via bone ingrowth is stimulated by coating the endplates with plasma 
sprayed titanium and a layer of calcium phosphate [117]. 
In vitro biomechanical testing demonstrated no core failure and only mild abrasive 
wear during 10 million cycles [117]. Other, however, did measure high wear rates 
[118], and several retrieval studies reported a significant influence of wear and 
material damage [119]. No problems with the cobalt-chrome endplates have been 
reported [117]. 
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2.1.2 Prodisc 
The Prodisc II (Synthes, Paoli, PA, USA), originally designed by Thierry Marnay in 
1989, comprises cobalt-chrome endplates, with a titanium sprayed coating, and a 
UHMWPE core. During implantation, the endplates are inserted first, after which 
the core is locked into the bottom endplate. Consequently, the Prodisc has only one 
bearing surface and a fixed center of rotation. Large keels and two small spikes fix 
the endplates to the bone.  

2.1.3 Maverick 
The Maverick total disc replacement (Medtronic Sofamor Danek, Inc., Memphis, 
TN, USA) is made of a highly polished, cobalt-chrome alloy. It provides a fixed 
posterior center of rotation. This posteriorly positioned COR is favored for 
unloading the facet joints [103]. The prosthesis resists both anterior and posterior 
shear forces [90], which was a reason for choosing the ball-and-socket design 
approach. The design allows for approximately 1.5mm of controlled translation to 
mimic the motion and the instantaneous axis of rotation through the flexion and 
extension arc. The endplates are covered with hydroxyapatite and large keels provide 
fixation and stability. Three different footprint sizes, heights and lordosis angles can 
be chosen [103]. No damage was found after subjecting the Maverick to 10 million 
cycles of 10kN fatigue loading [103]. 

2.1.4 The Flexicore 
The Flexicore (Stryker Spine, Allendale, NJ, USA) is also a cobalt-chrome prosthesis, 
and inserted as a single part. The device is relatively constrained, and offers a 
rotational stop to prevent facet overloading, although the allowed motion is higher 
than the normal IVD ROM. The device allows for 15° in flexion-extension and 5° in 
axial rotation. The endplates are dome shaped to approximate the concavities of the 
vertebral endplates and to minimize contact stresses. Spikes and a plasma sprayed 
titanium coating are used for fixation. A cylindrical post fixed to the upper plate 
ensures that the COR of the ball is midway between the maximum biconvex space. 
It deliberately has a stationary COR [90]. Different sizes and angles are available. 
Static and dynamic fatigue testing [120] demonstrated successful mechanical 
performance. 

2.2  Clinical outcomes 
The aim of the TDR is to relieve pain, and clinical outcomes of the treatment are 
therefore of high importance. Randomized controlled trials (RCTs) are the highest 
level of clinical evidence [121]. Results from lower level studies like prospective  
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(level II) and retrospective (level III) cohort studies should be used with care. At the 
other hand, RCTs have a follow-up time of a maximum of five years, and long-term 
outcomes are still unclear. In general, clinical results are dependent on pain scores, 
possible device failure, amount of major complications, and neurological 
deterioration. Also surgical parameters like duration of the surgery and blood loss are 
often reported, as well as patient satisfaction, and radiographic assessment of spinal 
motion. Nevertheless, comparison between studies is often difficult, because 
methodologies among studies vary widely and are often not clear.  

2.2.1 Charité 
Good to excellent clinical results have been reported for Charité in level II and III 
studies, with success rates ranging from 63% to even up to 90% [122-126], including 
follow-up periods of over 10 years. However, one study [126] described the good 
outcomes as 'occasional pain, some medication may be necessary, change to a lighter 
job description'. Overall, these studies reported that sagittal and lateral motions were 
in the range of literature. In contrast to these relative positive result, Putzier et al 
[127] reported on long term (minimal 16 year) results on 53 Charité patients, of 
which 83% showed some form of spontaneous fusion. Hence, motion was not 
maintained, and, in addition, 17% suffered adjacent segment disease (ASD), 
comparable to fusion patient [127]. Shim et al [128] found ASD with 20% of patients 
and facet degeneration in 36% cases, although clinical outcomes were fairly good.  
The first RCT study has been performed on the Charité III [99,100,129]. After two 
and five year follow-up, the clinical success rates were similar to the anterior lumbar 
interbody fusion using BAK and autograft. Success rates after two years were 57 and 
47% for the Charité and fusion, respectively. After five years, no significant changes 
were found, although only about one third of the patients still participated in the 
study. Satisfaction among patients was similar in the two groups [129], but a higher 
percentage of Charité patients were full-time employed, and a lower percentage 
suffered from disability or needed index-level surgery [129]. The main contributor to 
the low success rates was the need for more than 25% improvement in Oswestry 
(disability) pain score [99,129]. In addition, neurological deterioration played a 
significant role. In addition to the lower success rates, this RCT was highly criticized 
[130-132] for several reasons; the Charité was compared to an outdated fusion 
technique; adjacent segment disease, facet degeneration, and wear debris were not 
discussed; the drop-out of patients highly biased the five-year outcome; a high 
amount of patients was using narcotics at 2 year follow-up; and that a long list of 
exclusion criteria was used. Moreover, although the Charité ROM was reported to be 
maintained [100], a large amount of the patients had a mobility comparable to fusion 
(less than 5°) [130,131], especially when the prosthesis was not ideally placed.  
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Hence, although positive results have been reported, the most complete (RCT) 
studies show only reasonable outcomes comparable to fusion. 

2.2.2 Prodisc 
On the short term (1-2 year) several prospective studies [133-135] showed good to 
excellent results on Prodisc ranging from 78-99%. Sagittal ROM was maintained 
[135] or increased [133]. A longer-term study (mean follow-up of 8.7 year) showed 
that in 66% of 58 implantation ROM was maintained within the normal 
physiological range [136]. This means however, that a third of the patients suffered 
loss of motion. In 24% of the patients ASD was found [136], and in these patients 
mean ROM was only 1.6°, although it was not possible to establish whether the 
relationship between ROM and ASD was association or causation [136]. Shim et al 
[128], found degeneration of the adjacent level in 29% of patients and facet 
degeneration in 32%. 
The first RCT study on Prodisc [137] reported overall success rates of 53-63% for 
Prodisc compared to 41-45% for 360° fusion, depending on the exact criteria. 
Hence, similar to the Charité, the treatment with Prodisc was comparable to fusion. 
This RCT was criticized [138] for lack of detail and definitions of the success criteria, 
and for using a different pain score questionnaire [139] than the Charité study 
making comparison difficult. After 5-years RCT results were maintained [140,141]. 
After 2 year follow-up flexion-extension ROM was maintained in 90% of the 
patients [137], which was similar after 5-year [141], although ROM decreased 0.5° 
between year 2 and 5. 

2.2.3 Maverick 
An RTC study [142] compared Maverick (405 patients) and anterior lumbar 
interbody fusion using INFUSE© Bone Graft and an LT-CAGE© device (both 
Medtronic) (172 patients). Overall success rates at 24 months were 74% for the 
Maverick group and 55% for the fusion group. Overall, adverse effect rates were 
high in both groups (80%). The RCT results confirmed the results previously 
published by Mathews et al [103] who reported on 50 patients of which 86% had a 
good or excellent result. On average, sagittal ROM increased from 7 to 9.5 degrees 
[142], and ROM was maintained. Lumbar lordosis was found to not change with 
implantation of the Maverick [143], although the implanted level did have an 
increased lordosis angle, while the adjacent levels showed a tendency to have a 
decreased lordosis. Comparing the RCTs of Charité, Prodisc and Maverick, only the 
Maverick study showed superiority compared to fusion [128].  
 



 

28 

 Development of a biomimetic AID

2.2.4 Flexicore 
Only one clinical report has been published for the Flexicore; Sasso et al [144] 
reported on initial results of a prospective randomized trial leading to comparable 
results in pain scores compared to circumferential fusion after two years. However, 
eight of 44 patients of the study group needed additional surgical intervention. The 
Flexicore was reported to maintain sagittal ROM and lateral bending ROM [144]. 

2.3 Ex-vivo TDR characterization 
Thus far, clinically outcomes are reasonably effective for a reasonable group of 
patients, but are in general not better than fusion outcomes. It can be expected that 
clinical outcomes are dependent on the functioning of the TDR within the motion 
segment. Ideally, a TDR should not change the spinal behavior. Huang et al [145] 
found a clinically modest, but statistically better outcome of pain scores in patients 
with more than 5° ROM, and Cakir et al [146] found that the clinical outcome was 
significantly decreased by a decrease of total lumbar ROM.  
In-vivo, ROM values are difficult to relate to loading conditions and the exact TDR 
functioning therefore is difficult to determine. Moreover, data is often incomplete, 
with lateral bending and axial rotation ROM often not reported. Therefore, other 
methods have been developed to better understand the mechanics and kinematics of 
an implanted TDR, i.e. in-vitro spinal motion testing and finite element analysis. 

2.3.1 In vitro testing 
Although in vitro-testing is limited by the clear in-vitro drawbacks, it allows 
controlling the loading on the SMS, and to directly relate motion and loading. Several 
studies confirm in-vivo findings, that flexion-extension ROM with a prosthesis 
implanted was indeed maintained [70,71,147], although others found that flexion-
extension ROM increased [124]. The neutral zone was found to decrease in flexion 
[147], but flexion-extension COR was similar to intact situation [148]. The Maverick 
was shown to restore a large part of normal motion compared to a discectomized 
state [149]. Erkan et al [150] showed that although flexion/extension ROM was 
maintained for Maverick, extension ROM was significantly increased, and flexion 
decreased. In addition, torsion, and lateral bending ROM slightly decreased.  
Lateral bending was found to be maintained with Charité [147] but to increase after 
implantation of a Prodisc [70], although Lemaire et al [124] reported that an 
instrumented model (Charité) compared to an intact spine was not significantly 
mobile in lateral bending, when applying 7Nm load. Unconstrained axial rotation 
was however found to lead to an increase in torsional ROM for the implanted level 
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for the Charité [71,124,147] and Prodisc [70]. For Charité also the neutral zone 
increased in torsion [148].  
As mentioned in-vitro methods allow measuring both moment and rotation, 
describing the motion pattern (or quality of motion). O’Leary found that, although 
the Charité was able to restore near normal flexion-extension ROM, that this motion 
pattern differed significantly from the intact spine [151], and was affected by the 
amount of preload. However, the quality of motion, according to Bowden et al [152] 
needs to be maintained by TDRs to reflect implant loading, spine kinematics, and 
tissue load sharing. If not this may result in a non-physiologic loading of the implants 
and surrounding tissues, and lead to morphological, pathological and load sharing 
changes in the tissues due to disuse or overload during the duty cycle of the device 
after implantation [152]. Hence, optimally, not only ROM values are reported, but 
the complete moment-angle curves. 

2.3.2 Finite element analysis 
Using in-silico methods, like finite element (FE) analysis, allows the study of aspects 
of spinal motion that are not possible of very difficult to measure in-vivo or in-vitro. A 
model consisting of one or more motion segments allows for example the 
determination of facet and ligaments forces, and the effect of treatments Extended 
overviews on spinal FEA models are available [153,154]. 
Using FE analysis, it was predicted that implantation of a Charité or Prodisc resulted 
in an increase in ROM [155,156], facet loading [98,124,155-157], ligament forces 
[98], although a 50% decrease of facet forces was also predicted for a mobile core 
(Charité) device relative to the intact situation [75]. In addition, vertebral stresses 
[98,155] were predicted to increase after TDR implantation, with especially the bone 
areas around the edges of TDR endplates experiencing higher strains [76]. COR was 
predicted [26] to move in the direction of motion, except in torsion where COR 
moves in the opposite direction towards the load bearing facet joint. FEA has also 
been used to predict consequences for adjacent segments, ranging from predicting of 
no effects [156] to increased ROM [98]. Forces on ligaments and facet pressure 
increased, as well as vertebral stress, especially in cancellous bone.  
Surgical parameters like TDR height, correct positioning, and preservation of the 
anterior ligament were predicted to be relevant parameters for IVD replacement 
[157,158]. It was also predicted [159] that TDRs with different kinematic properties 
(Charité, Prodisc and Activ-L) all influence ROM of the inserted level, with minimal 
changes for adjacent levels. However, ROM and intradiscal pressure differences 
between designs were small, although facet forces were design dependent. The 
limited differences were expected due to similar success rates. Using the same model, 
the effects of several model parameters were determined using a probabilistic FE 
study [160]. For example, positioning, and the radius of the implant ball showed 
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some effect on ROM and facet forces, whereas the adjacent segments were hardly 
influence by the several variations.  
Hence, modeling can contribute significantly to get new insights into the functioning 
of a TDR within the SMS. Nevertheless, as discussed before, models have significant 
limitations, and results should be used with care. Because models often do not 
incorporate differences in geometry, facet orientation etc., treatment effect may be 
unduly generalized and not representative for all patients.  

2.4 Concerns of clinical TDRs 
In the previous paragraphs, it has become clear that thus far, clinical results of TDRs 
do not show a clear improvement compared to fusion. In addition, the different 
study methods demonstrate that TDRs often fail to maintain spinal motion and have 
possible detrimental effects on surrounding tissues, like overloading of the facet 
joints. Some additional concerns are discussed. 

2.4.1 Non-physiological constraints & motion resistance 
Current ball-and-socket designs do not resist motion in the typical non-linear, time-
dependent way of the IVD. Motion by articulating surfaces should be frictionless to 
prevent wear. To limit motion these designs have certain intrinsic constraints [161].  
First of all, axial deformation is fully constraint in all designs, and no effective shock 
absorption [162] is provided, which is by many regarded an essential IVD function 
[161]. In addition, the time-dependent, creep and relaxation properties characteristic 
of the IVD are not included. Moreover, the normal axial deformation of the IVD 
(0.5-1.5 mm) may be a critical motion to effectively allow certain coupled motions 
[163], for example to allow flexion with translation. 
Most designs are not constrained in axial rotation, except the Flexicore, which has a 
rotational stop and is therefore semi-constraint in rotation. In flexion-extension and 
lateral bending all discussed prostheses can freely move until parts of the prosthesis 
impinge. In addition a shifting (Charité) or fixed COR (Prodisc) affect facet forces in 
different ways, in different DOFs [164], leading to a certain compromise depending 
on design choice, with both designs having their advantages and disadvantages [145].  
Hence, all ball-and-socket designs do not resist motion like the IVD, and contain 
artificial constraints. Although exact consequences are unclear, the lack of load 
resistance of these TDRs may move loading to the posterior elements or ligaments, 
which may affect long-term success of these devices.  

2.4.2 Subsidence and loading sharing 
In first TDR designs, like the Fernström ball, and Charité I, the small contact area of 
the TDR with the bony endplates, resulted in local load transfer, leading to 
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subsidence of the device. The larger endplates of more recent designs assure that the 
TDR is supported by the strongest part of the endplates, the peripheral rim [9]. 
Hence, subsidence appears to be less of a problem, but sizing and load transfer 
remain an important aspect of the TDR. According the Mulholland [165] a wrong 
load distribution may lead to severe problems and might even explain some clinical 
failures. In addition, a changed loading in the vertebrae may initiate bone 
remodeling, altering the bone structure, which may have detrimental effects. Hence, 
a TDR design must also be focused on its role as a transmitter of load.  

2.4.3 Adjacent segment disease 
Adjacent segment disease (ASD) is a major concern with fusion, but also with 
Charité and Prodisc [128]. Changes in spinal kinematics of the implanted level or 
changes in load transmission may cause ASD. Where a lack of motion may cause 
ASD due to fusion, in TDR also too much motion may lead to problems at the 
adjacent levels. However, no consensus on ASD exists. Some studies [166-169] show 
that 5-50% of patients has ASD. However, others [170,171] state that IVD changes 
occur over multiple levels and are not caused by surgical treatments, but are part of 
the "normal" degeneration process, and caused by other factors like genetic 
susceptibility to degeneration. Nevertheless, ASD remains one of the major concerns 
of TDRs on the long term.  

2.4.4 Wear 
The long history in hip and knee arthroplasty shows that articulating prostheses 
produce wear debris. Some authors do not expect wear to be a problem for TDRs 
because of the lower amount of motion compared to other joints [103,125]. 
However, several retrieval studies [172-175], have reported that after long-term 
implantation Charité prostheses show significant signs of fatigue (rim fractures) and 
wear debris, comparable to hip and knee prostheses. 
The Maverick was reported to yield less wear debris compared to polyethylene core 
prostheses [103], but the smaller size of metal particles was not taken into account. 
Hence, the number of particles may be larger. In addition, an increase in cobalt and 
chromium ion concentrations in the blood was found after implantation with a 
Maverick [176], comparable to total hip arthroplasty patients. The exact role of wear 
in a non-synovial joint, like the IVD, is not known, although any effect on human 
tissues will probably depends on the type of particle. Optimally, wear should be 
prevented to prevent damage to the TDR and to avoid possible detrimental effects 
on tissues. 
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2.4.5 Surgery 
Clinical success rates depend, besides the effect of implant design, on good patient 
selection, and surgical implantation technique [177]. Limitations in diagnostic 
capabilities and a long list of inclusion and exclusion criteria results in only a 
restricted population of patients suitable for the treatment, limiting the application of 
TDRs. 
TDRs are often implanted using an anterior approach. Because the skin and the 
spine are separated by other tissues, for example, vascularity needs to be pushed 
away. Hence, this approach is suboptimal with high risk of complications. In 
addition, the anterior ligament is resected, which probably affects spinal motion.  
When a TDR treatment fails, revision surgery may be necessary. Problems of 
revision surgery for current designs include the anterior surgical approach through 
previous surgical scar tissue, the removal of all components of the prosthesis, 
creating a large area of dead space with loss of a significant amount of bone, and the 
lack of designs for revision prosthesis [109]. Nevertheless, according to Leary at al. 
[178] a revision can be safely and successfully performed. They found that 17 of 20 
cases needed a fusion, and revisions were needed largely because of technical errors 
in positioning and sizing of the implant.  

2.4.6 Conclusion on first generation prostheses 
In summary, a reasonable group of patients does benefit from current TDR 
treatment, but clinical outcomes are not optimal yet, and comparable to fusion. 
Biomechanical function is not always clear or satisfactory, and many concerns 
remain. Based on the experience with previously discussed devices, several adapted 
design have been proposed. For example, the Activ-L [179] and Kineflex [180] are 
designs providing a shifting COR, and the Mobidisc adds additional constraints. 
Nevertheless, these designs are still within the ball-and-socket category, and do not 
mimic the typical non-linear, time-depended behavior of the natural IVD.  

2.5 Second generation TDRs 
To overcome the concerns and drawbacks of current clinical devices a new, second-
generation of TDRs is under development, diverging from the ball-and-socket 
theme. These TDRs include the compliant nature of the IVD, and aim at mimicking 
the physiological behavior of the IVD more closely. 
Lee et al [181] proposed an elastomeric TDR device, using a deformable material to 
mimic the deformable body construct of the IVD. It was found, however, that a 
homogenous elastomer was not able to mimic motion in axial compression and 
torsion with one set of material properties [181]. They proposed an annulus-like part 
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to the elastomer design, either by adding a stiffer elastomer layer [181,182] or by 
adding fibers [181,183]. Axial and torsional stiffness improved in both designs. 
However, results were determined with a part of the natural annulus remaining 
[183,184], and flexion or lateral bending behavior was not reported.  
Other elastomer devices have been proposed, like several polycarbonate urethane 
(PU) designs. For example, the Freedom® Lumbar disc (Axiomed, Cleveland, Ohio, 
USA), and the Physio-L® (Nexgen Spine, Whippany, NJ, USA) (Figure 2.2), are 
designs with a PU core and metal endplates, allowing motion by deformation. The 
Physio-L® was shown, in a small short-term clinical study [185], to maintain flexion-
extension ROM, and to have superior pain scores compared to similar studies of 
Charité and Prodisc. The authors attributed this superiority to the compliant nature 
of the elastomer material. The CAdiscTM-L (Ranier Technology, Cambridge, UK) 
(Figure 2.2), is a PU disc, with variable stiffness throughout the prosthesis. No metal 
endplates were used, which aims at better contact with the bony surfaces. 
 

 
Figure 2.2 Three PU disc, the Physio-L, Freedom, and CAdisc. 

 
The M6® artificial disc (Spinal Kinetics, Sunnyvale, CA, USA) (2.3) was designed to 
incorporate the different parts of the IVD. It comprises fibers (the annulus) around 
its PU core (the nucleus), which connect two metal endplates. The fibers, are 
separated from the core, positioned at a certain angle relative to the cranial-caudal 
axis, and are intended to resist torsion and bending.  
 

 
Figure 2.3 The M6® artificial disc, with PU core, fibers, and endplates for fixation. 

 
The 3DF fabric disc (Figure 2.4) [186-188], is completely made of UHMWPE fibers, 
coated with linear low density PE [187]. It provides non-linear behavior, but ROM 
maintenance varied among studies. In some studies ROM was rather high in axial 
rotation [187,189], or flexion [190], while in other studies ROM was low in flexion 
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[186,191] or in lateral bending [188]. Additionally, the neutral zone was found to be 
large [186,189,190], increasing laxity of the joint. In addition, axial stiffness seems 
relatively low [192] compared to human discs. Moreover, although bone ingrowth 
was found to be good [193], results were dependent on extra initial temporary 
fixation to minimize micro-motion and enhance bone ingrowth.  
 

 
Figure 2.4 The fabric 3DF disc [186] completely made of UHMWPE fibers. 

 
Another fiber-reinforced design was proposed by Gloria et al [194,195] (Figure 2.5). 
Their HEMA-PMMA hydrogel disc (80/20 w/w) is reinforced with embedded PET 
fibers, and two hydroxyapatite reinforced polyethylene composite (HAPEXTM) 
endplates were added for fixation [195]. PMMA was added to improve the strength 
of the otherwise weaker, but more hydrophilic PHEMA gel. The sizing of the TDR 
was based on imaging techniques, introducing a potential for patient specific IVD 
replacements [196]. Static axial, shear and torsion stiffness were similar to IVD 
stiffness [195], and no failure was found up to 12kN axial load. Visco-elastic 
properties were similar to porcine disc properties as demonstrated small amplitude 
dynamic measurements. Using FE analysis, the prosthesis was predicted to 
significantly lower  
ROM compared to an intact model [197]. Several design updates, for example 
changing PET fibers for PTFE, improved behavior closer to the IVD [198]. The 
device matrix stiffness turned out to be critical, and it was suggested that low-density 
hydrogels would be preferred over covalently linked rubber-like materials [198]. 
Complete moment-angle curves were not presented.  
 

 

 
Figure 2.5 The HEMA/PMMA disc, reinforced by PET [194]. 
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2.6 Towards a biomimetic design 
Hence, several first and second generation TDR designs have been discussed. Newer 
designs incorporate more and more properties characteristic of the IVD, like 
compliant materials, and fiber reinforcement. In addition, different types of 
endplates have been proposed, which are possible alternatives for the relative stiff 
metal endplates. In the next chapter, a biomimetic design will be presented, including 
compliant materials and fiber-reinforcement, but also including the osmotic nature 
of the IVD. 
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Chapter III 
 

The design of a biomimetic  
artificial intervertebral disc  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
This chapter is partly based on P.R. van den Broek, J.M. Huyghe, S. Wognum,  
G. Nijenbanning, Prosthesis comprising a core of a gel material with a woven envelope and a 
method for producing the same and use thereof’, International application number 
WO2010/008285, Priority date 18 July 2008 (see appendix).  
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A second generation of prostheses is under development, incorporating more 
properties of the natural IVD. This illustrates that the road towards a suitable 
artificial IVD substitute moves towards a more biomimetic TDR design. In this 
chapter, a new biomimetic artificial intervertebral disc (AID) design is presented. 
First, some general design considerations are discussed, after which a general 
description is given of the design as submitted in patent application 
WO2010/008285 [199]. After discussing the theoretical benefits and behavior of the 
biomimetic AID, the first prototype is described in more detail. 

3.1 Design considerations 
When designing a TDR, several aspects need consideration as discussed before by 
various authors [6,109,110]. The goal of a TDR is to be clinically successful, 
providing a way of pain relief to patients. Clinical success depends on functional 
recovery, an acceptable level of morbidity, and shorter postoperative reoccupation 
time. In addition, the implantation method can influence these parameters 
significantly. Therefore, implantation of the TDR should be easy, and ideally minimal 
invasive, to avoid removal of ligaments, and to prevent damage to the spine or other 
tissues, like blood vessels, and nerves. Optimally, the TDR should be forgiving 
towards non-perfect implantation and positioning. 
To be clinical successful a TDR should mimic the behavior of the IVD. As 
mentioned the IVD should not be regarded a single joint, but a three joint complex. 
Within this complex, the IVD provides a compromise between stability and 
deformability. A TDR design should fulfill this compromise as well. To be successful 
on the long term, a TDR may not cause any detrimental effects on the spine. 
Therefore, the TDR should be mechanically safe, i.e. it should be strong and durable 
to prevent static or fatigue failure. In addition, implantation of a TDR should not 
depend on surrounding tissues partly taking over IVD functionality, which may 
introduce risk of damaging these tissues.  
Ideally, the IVD is replaced by an exact, healthy copy. Although, this may not be 
possible, a TDR should nevertheless mimic the biomechanical function of the native 
disc. This requires proper ROM, quality of motion, time-dependent behavior, shock 
absorbency, a shifting center of rotation, and proper spinal alignment. To mimic 
these IVD biomechanical properties, material properties, characteristic for the IVD, 
should be incorporated into the design. This includes osmotic behavior, fiber-
reinforcement, and non-linear visco-elasticity. In addition, it requires good geometric 
properties, like disc height, lateral and antero-posterior diameters, and good contact 
with the vertebral endplates. Finally, a TDR will function properly if it is well 
integrated in the spinal motion segment. Hence, fixation to the vertebrae is very 
important, and will also prevent migration or subsidence.  
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Besides mimicking the mechanical function, the TDR should not have any adverse 
biological reactions on the surrounding tissues. Therefore, biocompatibility is very 
important, as is prevention of wear. Wear particle are a potential source of osteolytic 
or inflammatory responses. 
Finally, although failure should be prevented at any time, whenever a TDR fails, due 
to mechanical failure or because of reoccurrence of pain, a clear revision strategy 
should be available and easy to implement. 

3.2 Concept of the biomimetic AID 
The biomimetic design concept, as described in patent application (WO 
2010/008285, see appendix), is based on the hypothesis that mimicking the native 
IVD structure results in mimicking the biomechanical function of the IVD. The two 
main parts of the IVD, the nucleus and annulus, were the inspiration for the main 
construction of the biomimetic AID. The AID design comprises a hydrogel core, 
mimicking the swelling nucleus, and a fibrous woven envelop, mimicking the tensile 
load-bearing annulus. The design aims to imitate the characteristics of the natural 
IVD, like swelling capacity, osmotic pre-stress of fibers, creep and relaxation, non-
linear visco-elastic material behavior. In addition, the design aims for minimal 
invasive surgery.  

3.2.1 The hydrogel core 
The hydrogel core mimics the nucleus in that it contains negative charges, which 
attract water by Donnan osmosis, causing the hydrogel to swell in an aqueous 
environment with low salt concentrations, and to shrink in high salt concentrations. 
Optimally, the hydrogel contains 0.02-2% ionized groups. The swelling capacity of 
the hydrogel should allow a volume increase larger than the volume of the jacket. 
One example of a gel is a cross-linked hydrogel made of 2-hydroxyethyl methacrylate 
(HEMA), and sodium methacrylate (NaMA). Nevertheless, other monomers may be 
used. The hydrogel is made by polymerizing a monomer solution, containing the 
monomers, water, a cross-linker and an initiator.  
The gel can be reinforced to obtain better durability and load properties. When fibers 
are used as reinforcement, they should have a modulus of maximum of 1GPa. 
Optimally at least 5% of the gel contains fibers, preferably as chopped fiber parts of 
approximately one cm length. One example is using polyurethane LycraTM fibers 
(DuPont, Wilmington, Delamore, US) which absorb the monomer solution, forming 
an integrated material after polymerization. Alternative to chopped fibers, the 
hydrogel could be polymerized while immersed in a foam material. The foam 
optimally has similar properties as Lycra, and should optimally be an open 



 

40 

 Development of a biomimetic AID

(reticulated) cell foam. A benefit of using foam is that a homogeneous distribution of 
the reinforcing material is provided. 
The integration of the fibers or foam in the gel is thought to inhibit crack 
propagation within the gel, making the gel tougher. In addition, the reinforcement 
will assist in preventing gel extrusion out of the woven envelope.  

3.2.2 The woven envelope 
The woven envelope, also called ‘jacket’ mimics the functionality of the annulus. It 
can be made by techniques like weaving, knitting, spool knitting, braiding, knotting, 
or bobbin facing and the like. The fibrous envelope keeps the gel in place, and 
constraints bulging of the hydrogel during deformation. Due to the woven structure, 
the separate fibers of the jacket are arranged at fixed relative positions, and major 
shifts of fibers relative to another are thus not possible. This prevents large openings 
to be formed in the jacket, minimizing the risk of pushing out the hydrogel through 
the jacket.  
The woven jacket should be made of tensile resistant fibers, which optimally do not 
stretch more than 5% before breaking. This type of fibers has the advantage to 
improve the fatigue resistance, durability and load bearing properties of the AID. 
The tensile strength should be minimal 1GPa. The elastic modulus should be 50GPa 
or preferably higher, and the fibers should be abrasion resistant. One example is 
Dyneema Purity® fiber (DSM, Geleen, The Netherlands), although other fibers may 
be used as well. 
The woven jacket is preferably knitted or knotted, with a preferable mesh size of at 
most one square mm. Hence, optimal stitch density is at least six stitches per cm, but 
preferably at least 20 per cm. The woven jacket can consist of one layer or multiple 
layers. Optimally multiple layers are connected to one another to promote that any 
applied load is distributed evenly. The size of the jacket is determined by the size of 
the IVD it should replace.  
In between the jacket and the hydrogel, one or more layers of a membrane or film 
can be inserted to decrease the risk of the gel to bulge out through the jacket holes 
under high loading conditions. As a membrane, Preclude® pericardial GORE-TEX® 
expanded PTFE membrane (W.L. Gore & Associates, Inc., Flagstaff, AZ, US) may 
be used, but other membranes may be used as well. 

3.2.3 Fixation 
An additional less flexible part can be inserted onto the jacket, between the gel and 
jacket, or in between the jacket layers. The less flexible part can be a stiff endplate, 
which fixates the AID to the bone. Another option is that the endplate is relatively 
flexible, but less flexible than the core. To make optimal use of the idea of  
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non-articulating deformable body the relatively flexible endplate should be flexible 
enough to follow the contours of the vertebrae, but stiff enough to be used for 
fixation, for example via spikes on the endplates. The use of flexible endplates, 
together with swelling properties of the core, can assure a good contact and can 
provide physiological load distribution to the bone like the natural disc. 
In or onto the woven jacket, other ways of fixation can be attached, like beads, 
clamps, nails or a combination. Optimally metal, for example titanium, is used, 
coated with hydroxyapatite (HA). The attachment material can be pressed into the 
vertebral bone, and the swelling pressure of the AID can be helpful in this.  
The fibers itself may be coated by HA to improve more homogeneous bone 
ingrowth. The fibrous open structure allows for bone access into the jacket, 
facilitating good interconnection of bone and fiber. In addition the knots and 
connection of the fibers make the AID surface rougher, increasing the friction with 
the bone, minimizing possible motion between AID and bone, improving bone 
ingrowth and hence fixation. The swelling of the hydrogel presses the jacket onto the 
bone, adding improving contact with the bone and better bone ingrowth. 

3.2.4 Manufacturing and application 
The core and jacket can be made separately, and assembled, but other ways are 
possible. For example, the jacket could be knitted or woven or spool knitted around 
the core in situ. The gel should be partially or be fully dehydrated before the jacket is 
applied. 
Before implantation, the whole IVD should be removed. After implantation, the 
AID should geometrically fit the disc space. This means the total structure can be 
flat, but the core can also be wedge shaped, making the total structure also wedge 
shaped, more like the natural IVD.   
When only the nucleus is removed, the TDR, in smaller form, could also function as 
a nucleus replacement. Moreover, the current concept may be applicable to other 
cartilaginous materials also. 

3.3 Functional description & theoretical benefits 
The biomimetic AID significantly differs from other, also second generation TDRs 
in the specific combination of a Donnan-osmotic core and a tensile-load resistant 
fibrous jacket. This combination provides easy motion at low angles due to low 
stiffness of the hydrogel, and a high stiffness at larger deformation due to the fibers. 
This mimics the characteristic non-linear motion patterns of the IVD, with a neutral 
zone, and the protection of other tissues at higher moments. For example, the TDR 
protects the facet joints by resisting axial rotation moments. Due to the non-linear 
stiffness of the gel-jacket interaction, no artificial constraints need to be inserted.  
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In addition, the center of rotation in the biomimetic design is not fixed, and is 
therefore free to move. The natural disc provides a relative homogeneous load 
distribution to the vertebrae. Because the TDR is an osmotic deformable disc, with a 
high water content, it will also provide a more physiological load distribution to the 
vertebrae, compared to for example devices using stiff metal endplates. This 
physiological way of motion and load distribution prevents bone related problems 
like subsidence. In addition, it protects the adjacent segments, which do not need to 
compensate, reducing the risk of adjacent segment disease.  
For this non-linear motion, the interaction of the hydrogel and jacket is important. 
The osmotic pressure in the hydrogel pre-stresses the jacket fibers, similar to the 
nucleus pressure, which pre-stresses the annular fibers. Hence, the pressures inside 
the gel, together with the high tensile stiffness of the fibers combine to a stiff, strong 
load bearing structure. In contrast, the hydrogel itself has low compressive and shear 
stiffness. The jacket contributes less to the shear stiffness, which results in an 
approximate ratio between compressive and shear stiffness of 10:1, similar to the 
natural IVD. In contrast, a TDR made of an isotropic materials like polyurethane, 
would have a ratio of 3:1.  
Additional benefits of using an osmotic hydrogel is that it allows water inflow and 
outflow, depending on external loading, fixed charge density, and the salt 
concentration of the body fluids. This water flow introduces time-dependent and 
visco-elastic effects, allowing for strain-dependent stiffness, creep and stress 
relaxation, which are characteristic for the native disc. This gives shock absorption 
capacity to the TDR, which can dissipate stress concentration. In addition, stress 
peaks during prolonged loading are minimized due to creep caused by water outflow, 
which reduces the risk of damage. In addition, this design facilitates a similar diurnal 
cycle as the native disc by creeping during daily loading, and regaining height during 
the night. In general, these properties keep the whole segment as similar to the intact 
state as possible. 
Another advantage of a swelling hydrogel is that due to osmotic pressure, any 
possible cracks will be closed. Wognum et al [200] showed this mechanism before 
for the natural IVD. Tearing of a deformable body made of a normal polymer leads 
to increasing stress and damage propagation. Hence, in contrast, the osmotic 
pressure of the biomimetic design adds to a longer fatigue life and less consequences 
for the biomechanics of the prosthesis when cracks form.  
The swelling capacity makes it also possible to implant the device in a dehydrated 
state, allowing minimal invasive surgery, after which the gel swells in-situ, with the 
main amount of swelling in the first 24 hours. Minimal invasive surgery will allow to 
save the anterior ligament, which will keep the spinal motion segment intact, 
improving post-surgical behavior. In addition, scar tissue will be minimized, and the 
risks of damaging blood vessels decreased.  
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The biomimetic design allows motion by deformation. This means no sliding 
surfaces, which will prevent the problem of wear. In addition, all proposed 
components are in essence biocompatible, although the final design should be tested 
for biocompatibility. 

3.4 Manufacturing the first prototype 
A prototype of the biomimetic TDR has been developed. Mechanical test results on 
this prototype are presented in the next chapter. In this chapter a more detailed 
description of the prototype and its manufacturing is given. This prototype 
comprises an ionized hydrogel, reinforced with a foam, surrounded by UHMWPE 
fiber jacket, with endplate rings within the jacket layers. 

3.4.1 The components 
The hydrogel was made by polymerization of a monomer solution containing 
hydroxyethyl methacrylate (HEMA), Sodium methacrylate (NaMA), distilled water 
(H2O), a cross-linker (Polyethylene glycol dimethachrylate 550Mn), and an initiator 
(2,2' azobis (2-methylpropion-amidine) dihydrochloride). Within an aqueous 
environment the sodium ion (Na+) in NaMA is dissolved, leaving a negatively 
charged polymer backbone, that gives the hydrogel its ionized character. The molar 
composition of the gel mixture for this prototype was:  
 
18 HEMA + 2 NaMA + 79.93 H2O + 0.04 cross-linker + 0.03 initiator --> hydrogel.  
 
This resulted in an initial fixed charge density of the gel of 1.39 mEq/L. The 
monomer solution was made by first weighing the distilled water in an Erlenmeyer 
flask. In turn, NaMA, HEMA, the cross-linker and the initiator were added to the 
distilled water, while stirring to assure good dissolving of the components. After 
adding the last component, the solution was stirred for another hour. Polymerization 
of the monomer solution was performed inside a mold (height 6 mm height, 
diameter 75 mm). The mold was first filled with a pre-shaped polyurethane foam 
(MCF.03, Corpura B.V., Etten-Leur, The Netherlands). Subsequently, the mold was 
filled with the monomer solution by applying vacuum, and releasing it, to assure a 
homogeneous distribution of the monomer solution through the whole foam. 
Polymerization was performed overnight in a water bath at 45°C. The initiator slowly 
converts into two radicals at this temperature, which initiate the polymerization 
process. Due to slow radicalization and polymerization a homogeneous hydrogel is 
formed. Two cores (28x42x6mm) (Figure 3.1) could be cut from the polymerized 
hydrogel after removing it from the mold. 
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The jacket was a knitted stocking (Varodem, Saint-Léger, Belgium) of double 
stranded Ultra High Molecular Weight Polyethylene (UHMWPE) fibers (Dyneema 
Purity® fiber, type UG 165dtex, DSM, Geleen, The Netherlands), with a Young’s 
modulus of 126 GPa, using 6.3 stitches/cm. The initial stocking was 35 cm long, and 
3.5 cm in diameter (Figure 3.2). 
 

 
Figure 3.1 The hydrogel with its top surface (left), with a 42 mm lateral diameter, and 28 mm anteroposterior 
diameter, and a 6 mm height (right). 
 

 
Figure 3.2 The knitted stocking of Dyneema Purity®, with a magnified view of the fiber structure. 

 
Two types of membranes were used in between the gel and the jacket. Twelve 
prototypes were made with an 0.12 mm thick UHMWPE membrane, with pores 0.9 
µm (Solupor® UHMWPE membrane, Lydall Solutech B.V., Heerlen, The 
Netherlands). Six prototypes were made with a 0.1 mm thick polytetrafluoroethylene 
(PTFE) membrane, with pores smaller than 0.1µm (Preclude® pericardial membrane, 
Gore-Tex, W.L. Gore & Associates, Inc., Flagstaff, AZ, USA).  
Within the layers of the jacket, titanium endplate rings were inserted, 5 mm wide and 
0.125 mm thick. Endplates with and without titanium bone anchors were used 
(Figure 3.3). These spikes of 1 mm in diameter and 5 mm long were welded on the 
endplates.  
 

 
Figure 3.3 The endplate ring without (left) and with (right) bone anchors. 
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3.4.2 Assembly of the prototype 
The shaped hydrogel core was wrapped, in two double-layered membranes (Figure 
3.4). This core part, comprising the gel and membranes, was subsequently inserted in 
the stocking. When the core was in the stocking (Figure 3.5, left), the open end was 
twisted (Figure 3.5, middle), and the stocking was put backwards, inside out, over the 
core again, closing the open side with a twist (Figure 3.5, right), resulting in the first 
two jacket layers. 
 

 
Figure 3.4 The gel is wrapped in a double layered membrane. After this first membrane, a second membrane 
was wrapped around the core in similar manner. 
 

 
Figure 3.5 The core was inserted in the first two jacket layers. The open ending was closed by twisting the 

jacket. 
 
In turn, at both sides, an endplate ring was put around the stocking (Figure 3.6, left), 
and the stocking was wrapped around the endplates (Figure 3.6, right), making four 
jacket layers. 
 

 
Figure 3.6 The endplates were added to the prototype. 

 
After inserting the endplates the stocking was turned and put around the core once 
again, after which the ending was closed in three steps, using Dyneema Purity® fiber. 
First, the open side was stitched together (Figure 3.7, left), after which the extra 
material was cut off (Figure 3.7, middle). The cut ends of the stocking were closed 
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using sewing with Dyneema fiber (Dyneema Purity® fiber, type UG 165dtex, DSM, 
Geleen, The Netherlands) (Figure 3.7, right), closing the last and fifth layer of the 
jacket, resulting in the final flat disc (Figure 3.8). The twists in the stocking resulted 
in a disc with thicker center parts at both sides (Figure 3.8, right). These twists were 
minimized by pre-conditioning of the device. 
 

 
Figure 3.7 Closing of the jacket. 

 

 
Figure 3.8 The final disc, with the closed side (left), the twist in the stocking (right) and the increased center 

due to the twists (right). 
 
The prototype with bone anchors looks similar, with the spikes coming through the 
fiber mesh of the jacket (Figure 3.9). 
 

 
Figure 3.9 The final disc with bone anchors, with the closed side (left), the twist in the stocking (right) and the 
increased center due to the twists (right). 
 
The nominal lateral and sagittal diameters of the AIDs were 48, and 35 mm, 
respectively. The nominal height of prototypes without spikes was 12mm at 200N 
preload measured using the test setup (see next chapter). Prototypes with spikes were 
14 mm, nominal height at 200 N. The AIDs were stored in 0.15 M NaCl solution. 
After swelling the AIDs had a water content of about 40% (w/w). To illustrated 
implantation, the AID was placed between two dummy lumbar vertebrae  
(Figure 3.10). 
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Figure 3.10 The prototype between two vertebrae 
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Chapter IV 
 

Biomechanical behavior  
of a biomimetic  

artificial intervertebral disc  

 
 
 
 
 
 
 
 
 
 
 
 
This chapter is based on P.R. van den Broek, J.M. Huyghe, and K. Ito, Biomechanical 
behavior of a biomimetic artificial intervertebral disc, Spine, 2012, 37(6):E367-73. 
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4.1 Introduction 
The intervertebral disc (IVD) is part of a three joint complex, i.e. the motion 
segment, including the facet joints, surrounding ligaments, and vertebrae. The IVD 
consists of two main integrated parts, the nucleus, which resists pressure due to its 
swelling capacity, and the fibrous, tensile-stress bearing annulus. The result is a fiber-
reinforced, osmotic, visco-elastic disc [73,201], in which visco-elasticity reduces 
stress concentrations, while osmotic pre-stressing prevents propagation of cracks 
[200]. Degeneration of the IVD is often related directly or indirectly to low back pain 
[202]. Degeneration, alters the disc structure, and reduces the osmotic pressure [87]. 
This in turn degrades functionality of the whole motion segment, and may affect the 
surrounding tissues. For example, the loss of proteoglycans, resulting in a lower 
osmotic pressure, will lead to a loss of water, which causes a lowered disc height, 
which in turn may increase facet loading. 
In the surgical treatment of low back pain, the golden standard is fusion, which aims 
to resolve pain by restoring the disc height and blocking motion. However, concerns 
of adjacent segment disease (ASD) [166,169], donor site morbidity and loss of 
motion, have led to the introduction of total disc replacement (TDR). TDR aims at 
motion preservation, by replacing the natural IVD with an artificial replacement. 
Current clinical TDRs, i.e. the Charité®, Prodisc®, and Maverick®, provide reasonable 
results, at least in the short term. In the most clinical studies [99,100,129,137], the 
success rates were found to be similar to fusion. Others found that implantation of 
these TDRs could lead to changes in the range of motion (ROM) [70,71,147] an 
altered motion pattern (quality of motion) [151], and a different segmental lordosis 
[203]. These changes may cause overloading of the facet joints [98,124,155], and 
increase the risk of ASD [204]. Additionally, wear was found [172,173], which could 
be detrimental to the device, or may affect the surrounding tissues. Hence, the 
altered mechanics of the segments may be a cause of the unsatisfactory clinical 
results. 
These mechanical changes are likely to be explained by the different type of motion 
that these TDRs provide. Where the natural disc allows motion by deformation, 
these TDRs are articulating ball-and-socket joints in which motion is provided by the 
sliding of one surface relative to the other. Consequently, the IVD has an inherent 
resistance to motion, which these TDRs have not. On the other hand, in axial 
direction, these TDRs are rigid providing little or no shock absorption [162], while 
the IVD is an osmotic, visco-elastic body, showing hysteresis, and time dependent 
deformation [31,205,206]. Bowden et al [152] stated that motion preservation should 
adequately capture the motion pattern (quality of motion) to reflect implant loading, 
spine kinematics, and tissue load sharing. Hence, to improve the effectiveness of 
TDR treatment, the aims of arthroplasty should not only be to restore disc height, 
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and ROM, but also to provide physiological motion patterns, shock absorption, 
spinal alignment, protection of the surrounding tissues, and device stability.  
Several second generation TDRs have been proposed, deviating from the ball-and-
socket designs, i.e. polycarbonate urethane designs like the Freedom® Lumbar disc 
(Axiomed, Cleveland, Ohio, USA), and the Physio-L® [185] (Nexgen Spine, 
Whippany, NJ, USA), and more biomimetic designs like the M6® artificial disc 
(Spinal Kinetics, Sunnyvale, CA, USA), comprising metal endplates, a polymer core, 
and a fiber encapsulation, the UHMWPE 3D fabric disc [188], and a HEM/PMMA 
disc, reinforced with PET fibers as proposed by Gloria et al [194,195]. 
In this study, a novel biomimetic AID is introduced, mimicking the fiber-reinforced, 
osmotic, visco-elastic, and deformation properties of the IVD. Its concept is based 
on the hypothesis that the better the material structure of the IVD is mimicked, the 
better its functionality is mimicked. Hence, the biomimetic AID comprises a 
swelling, fixed charged, hydrogel core (the nucleus), and a surrounding fiber jacket 
(the annulus). The goals of this initial study were to 1) evaluate the strength and 
durability of the biomimetic AID and 2) to demonstrate whether its axial 
deformation behavior is similar to that of a natural disc. As the AIDs are the first 
prototypes of a new concept, the results of this study aim at identifying trends and at 
evaluating the feasibility of the design, not to establish the safety and optimized 
performance of a final product. 

4.2 Materials and methods 
The biomimetic AID [199,207] is comprised of an ionized hydrogel [208] enveloped 
in a membrane and five layers of a fiber jacket (Figure 4.1). The hydrogel core (28 x 
42 x 6 mm) was cut from a larger gel (6 mm thick, Ø 75 mm). This gel was 
polymerized in a water bath (45°C), inside a mold filled with a polyurethane foam 
(MCF.03, Corpura B.V., Etten-Leur, The Netherlands), soaked by a monomer 
solution (Table 4.1). The fixed charge density of the gel was 1.39 mEq/L. The jacket 
was a knitted stocking (Varodem, Saint-Léger, Belgium) of double stranded ultra-
high molecular weight polyethylene (UHMWPE) fibers (Dyneema Purity® fiber, type 
UG 165dtex, DSM, Geleen, The Netherlands), with a Young’s modulus of 126 GPa, 
using 6.3 stitches/cm. For the durability experiment, the core was wrapped in 
multiple layers of a polytetrafluoroethylene (PTFE) membrane (0.1 mm thick, pores 
< 0.1µm; Preclude® pericardial membrane, Gore-Tex, W.L. Gore & Associates, Inc, 
Flagstaff, AZ, USA). For the other experiments, multiple UHMWPE membrane 
layers (0.12 mm thick, pores 0.9 µm; Solupor® UHMWPE membrane, Lydall 
Solutech B.V., Heerlen, The Netherlands) were used. Titanium endplate rings (5 mm 
wide, 0.125 mm thick, Figure 4.1), were inserted between the jacket layers, at the top 
and bottom of the AIDs. For the creep and dynamic experiments, endplate rings 
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were used with six titanium bone anchors (length 5 mm, Ø 1 mm) welded on them. 
In vivo, these anchors are intended to be pressed into the vertebral bone for initial 
fixation.  
 

 

Figure 4.1 Schematic cross-sections of the AID 
 
Eighteen AIDs were manufactured, by first wrapping the membrane around the 
hydrogel, and then putting it inside the jacket. The open end of the jacket was 
twisted, and the jacket was turned inside out again around the core. Then, for both 
sides, the jacket was folded around the endplates. After twisting and folding once 
more, the opening of the jacket was sewn with Dyneema Purity® fiber. The nominal 
lateral and sagittal diameters of the AIDs were 48, and 35 mm, respectively. The 
nominal height was 12 mm at 200N preload. The swollen AIDs in 0.15 M NaCl, had 
a water content of about 40% (w/w). 

4.2.1 Mechanical testing  
The AID was evaluated for strength (n=6) and durability (n=6), and its creep and 
dynamic response were measured (n=6). The experiments were performed with a 
material test system (858 Mini Bionix II, MTS Systems Corporation, USA), in 0.15 M 
NaCl solution at 37°C, except the creep experiments, which were performed at room 
temperature. Strength measurements were performed using parallel stainless steel 
plates. For the other experiments porous stainless steel plates (CKR150, GKN sinter 
metals, Hofte BV, Mijdrecht, The Netherlands) were used with a porosity of 150 µm. 
This allowed fluid flow on all sides of the AID. The plates contained holes (Ø 1.5 
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mm) for the bone anchors. All AIDs were preconditioned with 5 cycles (200-2000 
N, 25 N/s), followed by two hours recovery at 200 N (or 0 N before the creep 
experiment). 
 
Table 4.1 Amounts of constituents for producing 100 g of monomer solution, used for the HEMA-NaMA 
hydrogel. All components were dissolved, in turn, in H2O, followed by stirring for 1h.  

Components of monomer solution Function Mol ratio Weight [g] 

Distilled water (H2O) Solvent 79.93 35.74 

Sodium methacrylate, 99% (NaMA) Monomer      2.00  5.36 

2-Hydroxyethyl methacrylate, 97% 
(HEMA) 

Monomer     18.00 58.15 

Poly (ethylene glycol) dimethacrylate,  
average MN ca. 550  

Cross-linker    0.04  0.55 

2,2' azobis (2-methylpropionamidine) 
dihydrochloride, 97% 

Initiator  0.03  0.20 

 
Strength was determined by quasi-static axial compression (0.001 mm/s) up to 15 
kN (the machine maximum), after which the load was removed. Failure was defined 
as a force drop (>5 %) at constant displacement, or a thickness decrease (>50 %) 
compared to the thickness after preconditioning. The strength was defined as the 
highest load before failure, or “higher than 15 kN”. After testing, fiber damage was 
inspected at the outside of the jackets with a stereomicroscope (Zeiss, Darmstadt, 
Germany) mounted with a digital camera (Evolution VF, Media Cybernetics, 
Bethesda, MD, USA). The jackets were opened to visually assess hydrogel damage. 
To determine durability, the AIDs were axially loaded (600-6000 N) at 10 Hz. A 
diurnal cycle, consisting of 16 h loading and 8 h recovery at 200 N, was applied 18 
times (10,368,000 loading cycles). Failure was defined as one or more of the 
following: 1) a decrease (>20 %) in thickness compared to the beginning of the 
loading period; 2) a thickness decrease (>5 %) at the start of one loading period 
relative to the previous one; 3) a thickness decrease (>50 %) compared to the 
thickness after pre-conditioning or 4) visible extrusion of gel particles. The height (h) 
at 6000 N and the displacement (dh) were monitored at the beginning and end of 
each loading period and averaged over 100 cycles. Damage was inspected as 
mentioned above.  
The AID axial creep behavior and its dynamic response were compared to the 
natural disc. The AIDs were subjected to five creep cycles, consisting of 20 min 
compression at 1300 N (about 1 MPa), and 40 minutes recovery at 0 N, based on 
Dhillon et al [205]. The last creep curve (at 1 MPa) was compared to the range of 
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natural IVD responses, as described by the creep model used by Dhillon et al [205]. 
In this study, the initial IVD height was assumed equal to the average initial AID 
height.  
The dynamic response was determined using the protocol of Smeathers and Joanes 
[31]; after equilibration of the AIDs at 37°C and 20 N, two sinusoidal cycles (750 ± 
250 N) were applied at 10.0, 1.0, 0.1 and 0.01 Hz. In between frequencies, recovery 
at 20 N was allowed. This sequence was repeated three times with 30 min recovery in 
between. The dynamic stiffness and hysteresis were calculated for each frequency 
from the averaged load-displacement curves [31]. The creep and dynamic protocol 
was also applied to four AIDs after fatigue testing (post- recovery >7 days at 0 N = 
“post-fatigue AIDs”).  
The measured stiffness was corrected for the setup stiffness, by 
KAID = Km/(1-Km/Ks), with Ks the setup stiffness, Km the measured stiffness (AID 
plus setup), and KAID the AID stiffness. Ks was determined between 500-1000 N by 
load-controlled static axial compression up to 1200 N with a rate of 25 N/s. 

4.3 Results 
No failure of the jacket or membrane was found up to 15 kN (30-35% strain) static 
compression. Three AIDs showed a single crack (length 5-15 mm) in the center of 
the hydrogel, one showed multiple larger cracks, and two hydrogels were 
undamaged. The average AID thickness after preconditioning was 11.9 ± 0.7 mm 
(n=6).  
 

 
Figure 4.2 Intact jacket after fatigue (left), with endplate (darker shade), and an example of a cracked 
hydrogel core (without jacket, endplate and membrane) after fatigue (right). 
 
All AIDs, tested for 10 million cycles, remained intact; they did not show failure of 
the membrane or jacket (Figure 4.2, left). In the hydrogel cores, cracks were found, 
mainly in the center (Figure 4.2, right). The height decreased most significantly in the 
first two days up to about 1 million cycles (Figure 4.3, top). The displacement 
amplitude decreased in time, towards equilibrium (Figure 4.3, bottom). The average 
AID thickness, after equilibrium was 11.9 ± 0.8 mm (n=6). 
The AID creep strain was 3.8 ± 0.5 % after 20 minutes (Figure 4.4). The creep 
response of the post-fatigue AIDs (Figure 4.4) was three times lower (1.0 ± 0.3 %).  
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Figure 4.3 Height at 6000 N (top) and displacement between 600-6000 N (bottom) of six AIDs at the 
beginning and the end of a 16h loading period per diurnal cycle (1 cycle = 24h = 16h compressive dynamic 
loading + 8h relaxation). 
 
The mean AID dynamic stiffness increased, with frequency, from 3.0 to 4.7 kN/mm 
(Figure 4.5, top), and the hysteresis decreased from 79 to 40 % (Figure 4.5, bottom). 
Compared to these AIDs, the post-fatigue AIDs had a higher mean stiffness (Figure 
4.5, top), and a lower hysteresis (Figure 4.5, bottom). After preconditioning, the 
average AID thickness (n=6) was 14.1 ± 1.4 mm. For the post-fatigue AIDs, the 
average thickness was 11.6 ± 1.4 mm. 
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4.4 Discussion 
To determine the feasibility of the novel biomimetic AID, its strength, durability, 
and axial behavior were evaluated. The function of the AID remained intact up to 15 
kN in quasi-static compression, and for 10 million cycles (6000 N peak). The AIDs 
exhibited an axial creep and dynamic response similar to that of the natural disc.  
The absence of functional failure up to 15 kN ensures a strength exceeding 8 kN, the 
maximum in vivo force [6], and the compressive strength (2-14 kN) of human 
lumbar motion segments [39]. Hence, the AID resists normal in-vivo loads, and is at 
least as strong as the natural motion segment [39]. However, different strain-rates 
may lead to different strength values. Additionally, the influence of combined 
bending moments, e.g. flexion, may influence the risk of failure.  
 

  
Figure 4.4 The creep behavior of the AIDs (-) and post-fatigue AIDs (···) compared to the range of natural 
disc behavior [205] (gray area). 
 
The optimal lifespan of a spinal implant would be 40 years, which was estimated to 
represent 85 million loading cycles [209], of which 80 million cycles up to 1250 N 
(walking, 2 Hz) and 5 million cycles up to 2250 N (weight lifting, 0.5 Hz) [6]. Due to 
limited time, however, 10 million cycles, with a relatively high frequency, were 
applied, which is the minimum requirement [209] (ASTM F2346). Optimally, the 
maximum fatigue load should be 75% of the static failure load (ASTM F2346), but 
this load could not be determined for the AID.  
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Figure 4.5 The dynamic stiffness (left) and hysteresis (right) of the AIDs (―o―), the post-fatigue AIDs 
(―Δ―), and the natural disc[31] (---). 
 
Therefore, the fatigue load was chosen as 75% of the maximum in vivo load (8 kN) 
[6]. This maximum load was 3-5 times higher than the daily loads of walking and 
weight lifting. In general, fatigue life increases with lowering of the load. 
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Additionally, the height and displacement (Figure 4.3) show that after initial settling 
of the AID, the implant is stable, maintaining its function. This initial settling of the 
AID is probably caused for the largest part by settling of the jacket layers, especially 
the twists in the jacket. There was some further, albeit minor, changes in height and 
displacement with cyclic loading, which was recoverable upon unloading, and thus 
assumed to be due to further water loss from the AID. The AIDs sometimes 
showed internal cracking of the hydrogel, although, the membrane and jacket 
remained intact, and no functional failure of the AID was found. The cracks were 
mainly found in the center of the gel, probably caused by the extra pressure due to 
the twist in the jacket. The reason why the damage does not lead to functional failure 
is probably because the swelling pressure, while in the jacket, closes the cracks [200], 
illustrating the relevance of the biomimetic design in reproducing the IVD-function. 
Hence, current results indicate a durable AID under axial daily loading. 
The AID creep response was in the range of the natural IVD, although the initial 
response was faster (Figure 4.4). This is related to fluid outflow, indicating a higher 
permeability compared to the natural disc. In contrast, the post-fatigue AIDs, 
allowed only a third of the creep strain, but now the initial response was within the 
IVD range (Figure 4.4). The AID stiffness fell within one standard deviation of the 
mean stiffness of the natural disc [31] but was about three times higher for the post-
fatigue AIDs (Figure 4.5, top). The AID hysteresis was higher than the IVD 
hysteresis [31], however, after fatigue, the hysteresis was lower, and fell within the 
natural disc range, except at 10Hz (Figure 4.5, bottom). Hence, fatigue loading seems 
to alter the response of the AID, which should be taken into account in 
manufacturing the device, or in preconditioning of the AID before testing or 
implantation.  
However, these differences may be also caused by differences in construction. The 
jacket could be wrapped less tightly around the gel in the AIDs with bone anchors 
(non-fatigue AIDs), allowing more space for the gel to swell, which may lead to 
lower osmotic pressure, lower stiffness, and higher hysteresis. Nevertheless, the 
overall responses of the AIDs, with or without fatigue load, are in the same order as 
for the natural IVD. Fine-tuning of the properties of this first prototype, e.g. 
geometry, gel composition, or jacket fiber density, may improve the emulation of the 
IVD behavior.  
The IVD properties were determined on motion segments [31], hence allowing for 
endplate deformation. This deformation is in the same order as the IVD 
deformation [210] itself. In contrast, the plates between which the AIDs were 
gripped were virtually rigid. Additionally, in vivo, endplates might have a different 
porosity as the porous metal plates. The discrepancy in these boundary conditions 
may lead to an overestimation of the AID stiffness compared to the stiffness of its 
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natural counterpart. Hence, optimally a more exact comparison to the natural disc 
behavior should include vertebral behavior as well.  
The equilibrium force (200 N) after preconditioning represents loading while in the 
supine position [39]. Equilibrium at 0 N resulted in a height approximately 2.0 mm 
higher, which is partly explained by the load difference. However, contact at 0 N was 
influenced by friction between the bone anchors and the holes in the plates, resulting 
in an overestimation of the height, which was found to be higher than the nominal 
height of the AID. This uncertainty in height influenced the creep results, but 
affected both IVD and AID strain values, which is not expected to influence the 
results or conclusions, significantly.  
The AIDs were manufactured manually, resulting in variation among the AIDs. 
However, this does not affect the conclusions of this study. A more reproducible 
method should be developed in the future. As mentioned, two different membranes 
were used, with similar porosity. Because of the minimal thickness of the membrane, 
it is not expected that the type of membrane affects the creep or dynamic response. 
However, mechanically, the UHMWPE membrane is inferior to the Gore-Tex® 
membrane, because of its lower toughness. Hence, even with the inferior membrane, 
the AID strength was good.  
Currently, the ASTM standard (F2346) available for testing spinal implants is not 
suitable for testing an osmotic swelling disc. Hence, this standard was taken as a 
reference, and adapted where needed. In this study, only the axial direction was 
characterized. An AID however, aims to mimic the IVD behavior in all six degrees 
of freedom, which is important to protect the surrounding tissues, and to prevent for 
example overloading of the facet joints. Therefore, future studies should elucidate 
the performance of the novel AID with respect to the five degrees of freedom not 
tested in this study. 
Experiments similar to this study were, to our knowledge, not performed on other 
devices. However, it was shown, using a different set of tests, that the Prodisc and 
Maverick provide negligible shock absorption [162], i.e. the total applied force was 
transmitted through the prosthesis, and no energy was dissipated. Second generation 
designs like the HEMA/PMMA disc [194,195], and the 3DF fabric disc [188], 
although using different test protocol, demonstrated non-linear, energy dissipating, 
axial behavior, closer to the natural disc, indicating the promising approach for 
biomimetic designs. At the other hand, the HEMA/PMMA disc was predicted, using 
a finite element analysis [197], to be too stiff in the other degrees of freedom. In 
addition, the results on the 3DF disc show that ROM maintenance varied among 
studies [189-192] joint laxity increased [186,189], and results were dependent on 
initial temporary rigid fixation[186]. As mentioned before, it is essential for 
prosthesis to mimic all degrees of freedom, and additional experiments are necessary 
to show how the novel swelling AID behaves. 



 

60 

 Development of a biomimetic AID

Hence, the following step will be six degree of freedom testing. To perform these 
tests the method for vertebral anchorage must be developed and evaluated, because 
it will be essential for proper AID functionality in the other degrees of freedom. In 
this study, a first prototype with standard component material properties was tested. 
Therefore, for an optimal behavior the combination of materials, size of gel, fixed 
charge density, jacket design, etc., should be optimized. Additionally, the exact 
surgical techniques should be determined prior to conducting pre-clinical animal 
studies. Although all components are biocompatible, the whole construct should still 
be tested for biocompatibility. Finally, before clinical trials can be initiated, GMP 
manufacturing protocols are necessary.  
In conclusion, a strong and durable AID was developed. Compared to current 
TDRs, this biomimetic design introduces the IVD annulus-nucleus structure, which 
resulted in axial behavior closer to that of the natural disc. The AIDs showed 
swelling, visco-elastic behavior, and shock absorption capacity close to the natural 
disc, which is important for energy dissipation, preventing overloading of 
surrounding tissues, and reducing stress peaks in the AID and surrounding tissues. 
Although the AID behavior in all six degrees of freedom still needs to be 
demonstrated, this biomimetic prosthesis is expected to provide motion by 
deformation, and load transmission along the spine in a similar way as the IVD. 
Consequently, current concerns like wear, ASD and facet overloading may be 
minimized. Hence, these initial results suggest that this novel implant may prove to 
be a suitable intervertebral disc replacement. 
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5.1 Introduction 
Total disc replacements (TDRs) are a possible treatment to relieve discogenic low 
back pain. Current first-generation TDRs, like Charité and Prodisc, have not yet 
significantly improved clinical outcomes compared to fusion [129,137,211], still the 
gold-standard treatment. Concerns related to facet overloading, adjacent segment 
disease (ASD), and wear, hamper the widespread application of this new technique.  
A TDR is designed to replace the intervertebral disc (IVD), which together with 
facet joints, and ligaments forms a three-joint-complex, the motion segment. The 
IVD, with its resistance to forces and moments, is an essential load bearing 
component, and controls the motion of the segment to a large extent [212-214]. The 
global deformation of a motion segment [72,215,216] or an IVD [55] can be 
described, in six degrees-of-freedom, by load-deformation curves, or characterized 
by its range of motion (ROM), and neutral zone (NZ).  
In turn, the IVD function strongly depends on its structure. It consists of a swelling 
nucleus and a fibrous annulus, which are bounded by the endplates. The osmotic 
nucleus swells and pre-stresses the annular fibers. It allows for creep and stress 
relaxation [74,201], for a diurnal cycle of swelling and shrinking, and for poro-visco-
elastic behavior. Hence, the IVD is a deformable body, allowing flexibility under low 
loads, and restricted motion under high loads, protecting surrounding tissues against 
overloading. Alterations in its structure, like in degeneration, affect its function 
[217,218].  
Current TDRs have a ball-and-socket design, which in contrast to the IVD, are 
almost rigid in axial direction, and do not resist moments in bending or rotation. The 
motion they provide is therefore different from the IVD. Current TDRs have been 
found to lead to changes in ROM [70,71,75,147], to an altered motion pattern [151], 
and to a different segmental lordosis [203]. These changes may cause overloading of 
the facet joints [98,124,155], and increase the risk of ASD [204]. Hence, when a TDR 
is not able to mimic the IVD function, it can affect the behavior of the motion 
segment, and have deleterious effects on the surrounding tissues [109,152]. 
Therefore, a new generation of TDRs has been proposed, deviating from the ball-
and-socket designs. The Acroflex was the first deformable TDR to be implanted, but 
was abandoned due to material failure [113-115]. Recently, polycarbonate urethane 
designs were proposed, i.e. the Freedom® Lumbar disc (Axiomed, Cleveland, Ohio, 
USA), and the Physio-L® (Nexgen Spine, Whippany, NJ, USA). The latter was 
shown, in a small short-term clinical study [185], to maintain flexion-extension 
ROM, and to have superior pain scores compared to similar studies of Charité and 
Prodisc. The authors postulated that this superiority could be due to the compliant 
nature of the elastomer material. 
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However, Lee et al [181] found that a homogenous elastomer was not able to mimic 
motion in axial compression and torsion with one set of material properties. They 
proposed an annulus-like part to their elastomer designs, either by adding a stiffer 
elastomer layer [181,182] or by adding fibers [181,183]. Axial and torsional stiffness 
improved in both designs, although with part of the natural annulus remaining 
[183,184], and flexion or lateral bending behavior was not reported. 
Other designs are the M6® artificial disc (Spinal Kinetics, Sunnyvale, CA, USA), 
comprising metal endplates, a polymer core, and a fiber encapsulation, the CAdiscTM-
L (Ranier Technology, Cambridge, UK), a polyurethane disc, with variable stiffness 
throughout the prosthesis, and a HEMA/PMMA disc, reinforced with PET fibers 
[194]. The latter was very stiff, and ROM was decreased [197]. The UHMWPE 3D 
fabric disc [186-188], mimics the IVD non-linear behavior, but ROM maintenance 
varied among studies [189-192], joint laxity increased [186,189], and results were 
dependent on initial temporary rigid fixation [186]. Alternatively, an osmotically  
pre-stressed biomimetic TDR was proposed [199,207], comprising a swelling 
hydrogel core [208], and a fibrous jacket, offering easier insertion in shrunken state, 
tensile pre-stressing of the enclosing jacket and the mimicking of the diurnal creep-
swelling cycle of the disc [219]. 
Hence, different designs have been proposed to replace the ball-and-socket type of 
prostheses. The purpose of the present study was to evaluate four non-ball-and-
socket design concepts in their ability to mimic the non-linear motion patterns of the 
natural IVD. Finite element models of the various TDR concepts were developed, 
and their behavior compared to the behavior of the natural disc, within a 
physiological relevant range of motion.  

5.2 Materials and Methods 
A generic TDR finite element mesh was made (Figure 5.1) with an average IVD size 
[6] of 50 mm lateral diameter, 35 mm antero-posterior diameter, and 10 mm height. 
Four designs were modeled: a homogeneous elastomer, a multi-stiffness elastomer, 
an elastomer with fiber jacket, and a hydrogel with fiber jacket. All models were 
created in ABAQUS 6.10 (Simulia, Providence, RI, USA). 
Elastomeric materials were modeled with a nearly incompressible hyperelastic neo-
Hookean material description, available in ABAQUS, with Poisson’s ratio ν (Table 
5.1). The homogeneous elastomer was modeled as one core material with modulus 
EC. The multi-stiffness elastomer was divided in a two mm thick circumferential 
outer layer with modulus EL, and a relative soft inner core, with modulus EC. The 
fiber jacket was modeled as a surface layer around the TDR core, tied to it in all 
degrees-of-freedom. The fibers were modeled by rebars (cross-sectional area = 0.1 
mm2) in the surface elements, spaced 0.1 mm, at orientation angles ±α, relative to 
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the cranial-caudal axis and radially on the endplate surfaces (dashed line, Figure 5.1). 
One fiber was modeled by two 1D linear elastic rebars, one with modulus EFT for  

ε ≥ 0, and one with modulus EFC for ε ≤ 0. By taking EFT = 1000*EFC, the two 
rebars mimicked fiber behavior with a high tensile stiffness, and negligible 
compressive stiffness.  
 

 
Figure 5.1 The TDR mesh. Left: the full mesh (without surface layer), with the dashed line, the reference line 
for the rebar angle α, and RP the reference point for applying motion. Middle: the fiber orientation in the 
surface layer (side view). Right: the rebar angle α relative to the dashed reference line. 
 
The elastomer within the fiber jacket model was modeled with modulus EC. The 
hydrogel core was modeled using a biphasic osmo-elastic material description, 
adapted from Wilson et al [220], consisting of a fluid, and a neo-Hookean solid with 
Young’s modulus EM, and Poisson’s ratio νM. The total stress was described by 
 
 = (1 − n ) − (∆π + μ )  ( 1) 
 
with σ, the total stress, σS, the effective stress, nf the fluid fraction, µf the water 
chemical potential, and Δπ, the osmotic pressure gradient, calculated by 
 

 ∆π = RT C + 4C − 2RTC  ( 2) 

 
with T, the temperature (37°C), R, the gas constant (8.3145 J mol-1 K-1), CFC, the 
fixed charged density of the hydrogel (moleq ml-1), and Cext, the external salt 
concentration (0.15 mol L-1). The initial nf was 0.75, and the gel permeability was k = 
1e-3 mm4 N-1s-1. 

5.2.1 Boundary conditions and loading 
The TDRs were assumed to be fixed between rigid plates or vertebrae. The bottom 
surface of the model was constrained in all degrees of freedom. Rotations were 
applied to the top surface via a reference point (Figure 5.1) in 1000s for the model 



 

65 

 Design of next generation TDRs 

including the hydrogel and in 10s for the other models. The applied rotation angles 
were 8.4° in flexion, 7.9° in extension, 6.5° in lateral bending, and 4.4° in axial 
rotation. The top surface behaved like a rigid plate, because it was coupled to this 
reference point in all degrees-of-freedom. In the hydrogel model, the hydrogel was 
first allowed to swell to equilibrium, by allowing fluid flow into the gel. In the 
subsequent step, motion was applied, while neglecting fluid flow across the hydrogel 
boundary.  
 
Table 5.1 Summary of model mesh and material properties. Elastomers were modeled using hexahedral 
reduced integration hybrid elements (C3D8RH), including enhanced hourglass control. The jacket around the 
elastomer with reduced integration surface elements (SFM3D4R). The hydrogel was modeled using porous 
hybrid hexahedral pore pressure elements (C3D8HP) and its jacket with surface elements (SFM3D4). 

Model Elements Properties 

 Unknown 

Homogeneous 
elastomer  

Total: 6996 C3D8RH ν=0.49 EC 

Multi-stiffness 
elastomer  

Core: 5016 C3D8RH 
Layer: 1980 C3D8RH 

ν=0.49 EC, EL 

Elastomer with fiber 
jacket, with fixed α  

Core:  7308 C3D8RH 
Surface: 2469 SFM3D4R

ν=0.49, 
EFC=EFT/1000. 
α=30°, 45°, or 60° 

EFT, EC, 

Elastomer with fiber 
jacket, with α fitted. 

Core:7308 C3D8RH 
Surface: 2469 SFM3D4R

ν=0.49, 
EFC=EFT/1000. 

EFT, EC, α 

Hydrogel with fiber 
jacket with fixed α 

Core: 7308 C3D8HP  
Surface: 2469 SFM3D4  

νM=0.15, nf=0.75, 
k=1e-3 mm4 N-1s-1 

EFC=EFT/1000, 
α=45° 

EFT, CFC, 
EM 

 

5.2.2 Determining material properties 
The unknown property values were determined such that behavior of each design 
was optimized to match the IVD behavior in flexion-extension, axial rotation, and 
lateral bending [55]. The optimization was performed using an optimization function 
(fminsearch) in Matlab (Mathworks, Natick, Massachusetts, USA).  
By letting Matlab iteratively change the material properties, and calling ABAQUS to 
determine the TDR reaction moments in the reference point, the error (%) between 
the IVD and TDR behavior was minimized by the objective function 
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 f = f + f + f3  ( 3) 

 
which was the average of the objective functions for the combined motions of 
flexion-extension (fFE), left axial rotation (fAR), and right lateral bending (fLB). The 
values (in %) for the three degrees of freedom (dof) were calculated by a least square 
method: 
 

 f = 100 ∗ 1N M (i) − M (i)M (i)  ( 4) 

 
with N, the number of data points, MIVD, the experimentally measured IVD 
moments, and MTDR, the numerical determined TDR moments.  
To ensure that, before loading, the height of the swollen gel model was similar to the 
height of the other models, the initial mesh coordinates were down scaled by the 
expected swelling ratio. This ratio was determined by an extra swelling simulation 
with the initial mesh, after which the moment-rotation curves were determined, 
using the swollen scaled mesh. 
The rebar orientation α for the fibers was ±45°. To determine the influence of this 
angle, also models with α = ±30° and α = ±60° were used for optimization (Table 
5.1). Additionally, to determine an optimal fiber angle, the optimization of these 
three models, was repeated but including α (Table 5.1). 

5.3 Results 
Values for the unknown properties (Table 5.2) were determined for all designs. 
Models without fiber jacket gave overall linear behavior (Figure 5.2). Compared to 
the homogeneous elastomer, the multi-stiffness elastomer could match IVD 
behavior slightly better, mainly in axial rotation, although fLB was higher (Table 5.2). 
The models with a fiber jacket could capture the non-linear behavior more accurately 
than the models without the jacket (Figure 5.2), as depicted by the lower f (Table 
5.2). The hydrogel and elastomer with 45° fiber angle matched the IVD behavior 
equally well (Figure 5.2, Table 5.2). When comparing the models with different fiber 
angles, the 45° model matched IVD behavior best (Table 5.2). The 30° model, 
however, could better match lateral bending, but underestimated the torsional 
stiffness (Figure 5.3), as exemplified by the higher fAR (Table 5.2). The largest 
difference of the 60° model compared to the 45° model was a worse behavior in 
lateral bending. The optimal fiber angle was determined to be 43°, independent of 
the initial α value, however with only a minor reduction of f relative to the 45° model 
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(Figure 5.3, Table 5.2). For the design with hydrogel core, the fixed charge density 
was determined 0.06 moleq/L (Table 5.2), resulting in an osmotic pressure one order 
lower than the hydrostatic pressure when flexed (Figure 5.4). No significant 
differences were found in the deformation of the designs in flexion (Figure 5.5). In 
axial rotation (Figure 5.6), only a slight increase in height was found for the designs 
with fiber jacket. 
 
Table 5.2 Optimized properties for different TDR models, including values for f.  

Model (fiber angle) Properties fFE  fAR  fLB  f  
Homogeneous 
elastomer 

EC = 1.07 MPa 22.1 59.5 15.5 32.3 

Multi-stiffness 
elastomer 

EC = 0.05 MPa,  
EL = 7.21 MPa 

22.2 30.0 23.5 25.3 

Elastomer with fiber 
jacket (45°) 

EC = 0.75 MPa,  
EF = 80.3 MPa 

19.0 0.7 4.5 8.1 

Elastomer with fiber 
jacket (30°) 

EC = 0.61 MPa,  
EF = 72.4 MPa 

21.4 26.1 0.3 15.9 

Elastomer with fiber 
jacket (60°) 

EC = 0.83 MPa,  
EF = 87.4 MPa 

22.7 0.8 12.6 12.1 

Elastomer with fiber 
jacket (α),  

EC = 0.72 MPa,  
EF = 83.8 MPa,  
α = 43° 

19.0 1.5 3.2 7.9 

Hydrogel with fiber 
jacket (45°) 

EM = 2.13 MPa,  
EF = 59.1 MPa,  
CFC = 0.06 moleq/L 

19.4 0.5 3.6 7.8 

 

5.4 Discussion 
In this finite element study, the behavior of four different TDR designs was 
compared to the behavior of the natural IVD [55]. The non-linear behavior of the 
IVD could be best matched by TDR designs including a fiber jacket. 
The response of designs without fibers was approximately linear in all degrees of 
freedom, despite the non-linear, neo-Hookean stress-strain relationship, and the 
large deformations associated with the simulations. Axial rotation behavior improved 
slightly with the multi-stiffness elastomer, but a more physiological rotational 
stiffness, as shown by Vuono-Hawkins et al [182] was possible only at the cost of a 
very high bending stiffness. At the other hand, a low rotational stiffness can lead to 
higher facet forces, which may overload the facet cartilage. The elastomer moduli 
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were in the order of 1 MPa, comparable to silicone, which appeared unsuitable for a 
TDR [183]. Hence, current results indicated that an elastomeric design did not seem 
the optimal choice for replacing the IVD. 
 

 
Figure 5.2 Flexion-extension, lateral bending and axial rotation of the different TDR designs. The designs 
with fiber jacket matched the IVD behavior best. For visualization purposes, right lateral bending and left 
axial rotation were plotted for opposite sites as well, mirroring the used data.  
 
Including a fiber jacket in the design, resulted in non-linear behavior similar to that 
of the IVD. Interestingly, this was obtained despite linear elastic fiber properties. 
This non-linearity allows for a neutral zone, typical for the IVD, and provides 
protection for surrounding tissues against high loads. The two fiber jacket models 
behaved in a similar way. Assuming fast loading, fluid flow was prohibited in the gel 
model during loading. The hydrogel, therefore, behaved like an incompressible 
material, similar to the elastomer. The similar bending behavior of the two models 
was therefore expected. 
The optimized fixed charge density (CFC = 0.06 moleq/L) was quite low compared 
to that of the IVD (CFC = 0.15-0.3 moleq/L). Consequently, whereas the unloaded 
IVD has an intradiscal pressure of 0.2-0.3 MPa [18], the simulated TDR had an 
osmotic pressure of only 0.01 MPa, affecting its axial time-dependent creep behavior. 
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Figure 5.3 Elastomer with fiber jacket with fiber angles α of 45°, 30°, and 60°. When also α is optimized, 
the fiber angle of 43° matched best the behavior of the normal IVD. For visualization purposes, right lateral 
bending and left axial rotation were plotted for opposite sites as well, mirroring the used data. 
 

 

Figure 5.4 Osmotic pressure and hydrostatic pressure in the gel model after after flexion. The osmotic pressure 
was an order lower than the hydrostatic pressure. 
 
However, the optimization was limited to certain design aspects and did not consider 
axial creep behavior. If such aspects were included, the overall behavior may be 
better accounted for.  
The optimal fiber angle was found to be 43°. Not surprisingly, therefore, the model 
with a 45° fiber angle matched the IVD behavior significantly better than the models 
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with a 30° or 60° angle. Although the natural annulus has a non-uniform fiber 
orientation between 45° and 60° [221], and non-linear visco-elastic collagen fibers, 
current results indicate that a TDR with a 43° fiber angle and elastic fibers can mimic 
the annulus function fairly well. Inserting visco-elasticity and multiple fiber 
orientations may further improve its overall behavior. 
 

 

Figure 5.5 Deformation and maximum principal strains in flexion in the mid-sagittal cross-section of the four 
models. The dashed line is the undeformed state. 
 

 

Figure 5.6 Deformation and maximum principal strains in axial rotation in the mid-coronal cross-section of 
the four models. The dashed line is the undeformed state. 
 
The TDR behavior was compared to isolated IVD behavior (L4-L5), measured by 
Heuer et al [55], which, to our knowledge, is the only study reporting on flexion-
extension, lateral bending, and axial rotation on the same fully isolated human IVDs, 
and the intact motion segment as well. ROM of the intact segments was comparable 
to other studies [72,215], and significantly smaller than the ROM of the isolated disc. 
All optimizations were a compromise for three degrees-of-freedom, i.e. for a single 
degree of freedom other properties would have provided more similar behavior to 
that of the IVD.  
Heuer et al [55], using loading rates of 1°/s, applied the rotations used in this study 
in 4-8s, which is too short to allow a significant fluid outflow, considering the low 
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permeability of the IVD, and the applied load magnitude. Hence, in the model, fluid 
outflow was not allowed during loading, and even a relatively long loading period 
(1000s) could be used, which prevented the known convergence issues with fast 
loading in biphasic materials [222]. 
Heuer et al [55] did not use an axial preload. Hence, no preload was accounted for in 
the simulations. A preload may change the IVD behavior, although measured effects 
vary among studies [44,67,216,223]. Nevertheless, the absence of preload limits our 
study, and the possible effect of an axial concomitant load needs attention in future 
work when actual AID designs are being developed. 
The non-linear behavior of the jacket models was explained by the combined 
influence of the fibers, and the rounded edges of the TDRs. During loading, these 
rounded edges were straightened, and the fibers recruited, increasing stiffness. 
Hence, the radius of the rounded edges influenced the non-linearity. Analogously, 
the bulged geometry of the IVD may be partly responsible for the non-linearity in 
flexural stiffness of the natural disc. In this study, an average IVD geometry was 
used, not exactly matching the geometry of the L4-5 IVD, and not incorporating the 
L4-5 wedge angle, the posterior curvature, or geometric variability between persons. 
Although variations in the different geometric features are expected to affect 
quantitatively the results, the differences in trend between simulations with and 
without jacket are expected to be unaffected by these variations.  
The fiber jacket was modeled as a thin layer of fibers around a core. The rebars were 
not an exact morphological representation of the jacket, but a numerical method to 
model the mechanical performance of a jacket structure. In practice, however, a 
TDR can have, for example, fibers embedded in the elastomer [194] or multiple 
layers of a fiber jacket around a gel [199]. Each fiber was modeled with one rebar 
only resisting tensile forces, and one with only a compressive stiffness, a 1000 times 
lower than the tensile stiffness. The compression resisting rebar was added to 
enhance model stability, but still allowing a significant compression-tension 
difference typical for fibers. 
The top and bottom boundaries of the TDRs were chosen as rigid, mimicking rigid 
metal endplates. Modeling of TDRs directly fixed to the vertebrae may require that 
the deformation of the vertebrae is accounted for as well. As a method of fixation, a 
coating can be applied to the fibers, to induce ingrowth of bone onto the fibers of 
the jacket, as demonstrated for the 3DF disc [193]. The effect of this fixation 
method on the behavior of the prosthesis should be included in future studies. 
Including a hydrogel has advantages not directly deducible from current results. 
First, it provides osmotic, creep, and time-dependent behavior, characteristic for the 
IVD. Because the IVD is only one part of the motion segment, mimicking this 
characteristic behavior may minimize detrimental effects on surrounding tissues. 
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Secondly, a swelling TDR could be inserted in a smaller dehydrated state, facilitating 
insertion, reducing the invasiveness of the surgery.  
Final conclusions, with regard to the performance of TDR designs, can only be 
drawn from experimental measurement of their behavior. Moreover, only long-term 
clinical results can really show how well such prosthesis will function for wide 
number of patients and problems. Nevertheless, the current model can give an 
indication in which directions the design of TDRs may need to go. 
A finite element approach was used to study to optimized performance of several 
TDR designs. Although, the study was limited by a relative simple geometry, 
boundary and static loading conditions, some conclusions can be drawn. First, purely 
elastomeric TDRs could not mimic the non-linear behavior of the isolated IVD, and 
using this type of TDR makes a tradeoff necessary in ROM values of different 
degrees-of-freedom. Introducing a fiber jacket allows non-linear moment-rotation 
responses, which improves TDR ROM in all degrees-of-freedom. Using a hydrogel, 
instead of an elastomer, gave equal behavior. When considering the functional design 
of a TDR, mimicking the non-linear behavior of the intervertebral disc, in the 
physiological range of motion, is not only important in maintaining spinal motion, 
but may also be critical in protecting surrounding tissues like the facet joints or 
adjacent segments.  
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Chapter VI 
 

Influence of bone fixation 
method on functionality of a 

biomimetic total disc replacement 
 

 
 
 
 
 
 
 
 
 
 
This chapter is based on P.R. van den Broek, J.M. Huyghe, W. Wilson, and K. Ito, 
Influence of bone fixation method on functionality of a biomimetic total disc replacement, The 
Spine Journal, submitted.   
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6.1 Introduction 
Total disc replacements (TDRs) are used in the treatment of dysfunctional 
intervertebral discs (IVDs). The first generation TDRs, like Charite® (DePuy Spine, 
Raynham, MA, USA) or Prodisc® (Synthes, Paoli, PA, USA), have a ball-and-socket 
design, and yield reasonable clinical results, comparable to fusion [129,137,211]. 
However, significant concerns remain over facet overloading, adjacent segment 
disease, and wear. Moreover, long-term results are still lacking.  
To improve TDRs, several new designs have been proposed. These second-
generation devices aim at mimicking the physiological behavior of the IVD more 
closely. For example, the Freedom® Lumbar disc (Axiomed, Cleveland, Ohio, USA), 
and the Physio-L® (Nexgen Spine, Whippany, NJ, USA), are designs with a 
polycarbonate urethane core and metal endplates, allowing motion by deformation. 
The Physio-L® was shown, in a short-term clinical study [185], to maintain ROM, 
and to have superior pain scores compared to Charité® and Prodisc®. The authors 
attributed this superiority to the compliant nature of the elastomer material.  
These elastomer designs, as well as ball-and-socket TDRs, use stiff metal endplates 
to fix the TDR to the vertebral bone, often with addition of spikes or keels, and 
coated with hydroxyapatite to enhance bone ingrowth. Other designs do not use 
rigid metal endplates; for example, the CAdiscTM-L (Ranier Technology, Cambridge, 
UK) comprises a core and endplates, all made of polyurethane, and the 3DF disc 
[187] which has no endplates at all, but its 3D fiber structure is coated with 
hydroxyapatite to enhance bone ingrowth for fixation. It was however shown, that 
an external temporary fixator was needed for the 3DF disc to restore physiological 
motion [186]. Without this temporary fixation, an initial increased ROM caused scar 
tissue and osteophyte formation, resulting in a ROM decrease on the long term 
[186]. 
Another second degeneration design, a biomimetic artificial disc (AID) has been 
proposed with a design consisting of a hydrogel core and a fiber jacket surrounding 
the core, mimicking the IVD nucleus-annulus structure [199]. The hydrogel allows 
for time-dependent behavior typical for the IVD, including swelling, creep and 
relaxation [219]. Additionally, the fiber jacket allows mimicking the non-linear IVD 
behavior [224], caused by recruiting of the jacket fibers during loading. The fibers 
natural counterpart, the annular fibers, are embedded in the vertebral bone, 
indicating that, for the biomimetic AID to function well, fixation of the fiber jacket 
to the vertebrae is important. This was supported by the need of an external fixator 
for the 3DF disc [186]. The fixation of the fiber jacket to the adjacent vertebrae may 
therefore be a critical part in the design of the biomimetic AID.  
This fixation issue was circumvented by the M6® artificial disc (Spinal Kinetics, 
Sunnyvale, CA, USA), which comprises a polyurethane core surrounded by fibers, 
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attached to metal endplates fixing the M6® to the bone. The use of rigid endplate is a 
proven concept, providing good fixation to the bone. However, rigid endplates may 
result in non-physiological load transmission to the vertebrae. In contrast, using only 
bone ingrowth for fixation will improve long-term load transmission, but the 
effectiveness of bone ingrowth may affect ROM, motion quality, and facet forces. 
To promote bone ingrowth by initial post-surgical fixation, one option for the 
biomimetic AID would be to incorporate spikes in the fiber jacket, which can be 
pressed into the vertebral endplates during surgery [199].  
Hence, the aim of this study was to determine which fixation method is most 
suitable for a biomimetic TDR design to restore or maintain physiological spinal 
motion, while protecting the surrounding tissue. Therefore, a finite element (FE) 
model of a spinal motion segment (SMS) was developed, including a TDR, 
representing the biomimetic design. The influence of bone fixation on spinal motion 
and facet forces was evaluated using several fixation methods, i.e. bone ingrowth, 
spikes, and a rigid endplate. 

6.2 Materials and Methods 
An L3-4 motion segment finite element model, adapted from Noailly et al [80,198] 
(Figure 6.1), was created (ABAQUS 6.10, Simulia, Providence, RI, USA). The part of 
the original model representing the IVD, and the cartilage endplates, were removed. 
These parts were replaced by a TDR model with a lateral diameter of 48 mm, an 
anteroposterior diameter of 33 mm, a posterior height of 9 mm, an anterior height of 
12 mm, and conforming to the endplate surfaces of the vertebrae (Figure 6.1). 
 

 
Figure 6.1 The mesh of the spinal motion segment model with the TDR between the L3 and L4 vertebrae. 
 
The vertebrae were modeled with hexahedral elements (C3D8) with four distinctive 
parts, each with different properties, i.e. the trabecular bone in the center of the 
vertebral bodies, the cortical bone around it, the bony endplates on the cranial and 
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caudal sides of the bodies, and the posterior elements (Table 6.1). The bone 
properties were taken from the original model, except that the cortical bone was 
more simply modeled using linear isotropic elastic properties (Table 6.1). The seven 
main ligaments were modeled with hyperelastic material properties [198] using truss 
elements (T3D2), with cross-sectional areas based on literature values [225,226]. 
Compared to the original model [80] the circumferential parts of the posterior 
ligaments were removed. In the original model, they attached at one end to the IVD, 
but after removal of the IVD they will have lost their function.  
 
Table 6.1 Summary of model mesh and material properties. E is the Young’s modulus, EFT the fiber tensile 
modulus, ν the Poisson’s ratio, and G the shear modulus. Material properties were based on Noailly et al 
[198] and van den Broek et al [224]. 

Model part 
 

Elements Material description Properties 

Cortical bone C3D8 Isotropic linear elastic E = 12000 MPa, ν = 0.3  

Trabecular 
bone  

C3D8 Isotropic, transverse, 
linear elastic   

E 
[MPa] 

Ν G 
[MPa] 

140 0.45 48 

140 0.18 77 

250 0.32 77 

Bony endplates C3D8 Linear elastic, 
isotropic 

E = 1000 MPa, ν = 0.3 

Bone of 
posterior parts 

C3D8 Linear elastic, 
isotropic 

E = 3500 MPa, ν = 0.3 

Ligaments T3D2 Hyperelastic Noailly et al [198] 

Facet cartilage C3D8H Generalized Mooney- 
Rivlin, incompressible

Noailly et al [198] 

Hydrogel core C3D8H Neo-hookean model 
 Description 

ν=0.49, EC=0.75 MPa  

Fiber jacket SFM3D4R 
with rebars

Rebar: Linear elastic,  
Isotropic 

EFT=4.0 GPa 

 
The facet cartilage was modeled as an incompressible generalized Mooney-Rivlin 
material (C3D8H elements) (Table 6.1), and hard, frictionless contact between the 
cartilage surfaces was defined.  
The TDR comprised a hydrogel surrounded by a fiber jacket, adapted from van den 
Broek et al [224]. The hydrogel core (Table 6.1) was modeled as a nearly 
incompressible neo-Hookean solid, using hybrid hexahedral elements (C3D8H). The 
fiber jacket was modeled as thin layer around the core, tied to it in all degrees-of-
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freedom. The fibers were modeled by rebars (cross-sectional area = 0.02 mm2) 
embedded in surface elements (SFM3D4), spaced 1.0 mm, at orientation angles  
α = ±45°, relative to the cranial-caudal axis, and radially on the endplate surfaces 
[224]. One fiber was modeled by two 1D linear elastic rebars, one with tensile 

modulus EFT = 4.0 GPa for ε ≥ 0, and one with compression modulus EFC = 4·10-2 

GPa for ε ≤ 0. Because the tensile modulus is 100 times higher, the two rebars 
mimicked fiber behavior with a high tensile stiffness, and negligible compressive 
stiffness.  
 

 
Figure 6.2 TDR geometry; The surface center was fixed to the bone in the center-bound model, the surface 
edge was the outer 2mm of the surface fixed to the bone in the edge-bound model. The locations of the spikes 
for the spikes model, depicted with black circles were located on the line separating the center and the edge of 
the surface on equal distances from each other. 
 

6.2.1 Boundary conditions 
Different models (Table 6.2) with different fixation properties between the TDR and 
the vertebrae were made. A ‘bound’ model, assuming complete bone ingrowth into 
the fiber jacket, was created by tying the superior and inferior surface of the TDR to 
the vertebral endplates. Contact between the part of the TDR not tied, and the bone, 
was modeled, for all models, by a hard contact definition, with friction coefficient  
μ = 0.5. An ‘unbound’ model assuming no fixation between the TDR and vertebrae 
was defined by replacing the tied connection between the TDR and bone, by the 
above contact definition. This unbound model described the initial post-surgery 
situation, or a long-term failed bone ingrowth situation. Two models with 
incomplete bone ingrowth were defined; a ‘center bound’ model with only the center 
parts of the contact surfaces tied (Figure 6.2), and an ‘edge bound’ model with only 
the outer edge of the contact surfaces tied (Figure 6.2). A ‘spikes’ model was defined, 
assuming no bone ingrowth, but assuming spikes, fixed to the jacket and inserted 
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into the bone. The interaction between the spikes and the bone was modeled via 
local ties (fastener ∅ = 0.5 mm, ABAQUS), with influence range 2.0 mm. A ‘plate’ 
model was made by assigning titanium properties to the bony endplates and a two-
element layer of trabecular and cortical bone, closest to the TDR.  
Rotations in flexion, extension, lateral bending and axial rotation up to 10 Nm, and 2 
mm axial compression were applied, in 10 seconds, to the superior L3 vertebral body 
surface, via a tied reference point, allowing free motion. The bottom of L4 was 
constrained in all degrees of freedom. The consequences of the different interaction 
options on the SMS motion were determined by comparing the motion patterns and 
the axial stiffness. Additionally forces on the L4 facet joints were determined. 

 
Table 6.2 Different models with different boundary conditions between the TDR and the vertebrae, and their 
relation to the in vivo situation. 

Model Model boundary conditions Fixation method in vivo 

Bound  Top and bottom surface are tied 
to bone 

TDR implanted with complete 
bone ingrowth  

Unbound  Top and bottom surface are not 
tied to bone, but have hard 
contact 

Initial implanted situation without 
bone ingrowth, or long-term 
ingrowth failure. 

Center 
bound  

Only the center part of the top 
and bottom surface are tied, the 
outside 2mm are not tied. 

TDR implanted, but bone 
ingrowth at the outer edge failed  

Edge 
bound  

Only the outer 2mm of the top 
and bottom surface are tied. 

TDR implanted, but bone 
ingrowth failed in the center of 
the TDR. 

Spikes Only areas around 7 spikes are 
tied to the bone via fasteners 
(ABAQUS) 

Initial implanted situation, with 
spikes attached to the fiber jacket, 
and pressed into the bone, but 
without bone ingrowth. 

Rigid 
endplate  

Properties of a part of the 
vertebral bone were replaced by 
titanium properties. 

Parts of the vertebrae are 
removed and the TDR has metal 
endplates, fixed to the vertebral 
bodies with spikes or keels.  

6.3 Results 
The behavior of the bound model in flexion-extension, lateral bending and axial 
rotation (Figure 6.3) resulted in a ROM only slightly higher than that for the model 
of the natural disc [80] (Figure 6.4). The ROM of both models was also within the 
literature range for that measured experimentally (Figure 6.4), although flexion-
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extension was in the lower range at 7.5 and 10.0 Nm, and axial rotation in the higher 
range at 10.0 Nm for the current TDR model. The initial flexible part of the motion 
curve was within the neutral zone of the natural motion segment (Figure 6.5).  
 

 
Figure 6.3 The displacement (U) in the four bending direction, with the dotted lines the undeformed geometry.  
 

 
Figure 6.4 The combined ROM for flexion-extension (FE), left and right lateral bending (LB), and left and 
right axial rotation (AR) at 7.5 and 10.0 Nm for the bound model, compared to the original intact IVD 
model by Noailly et al [80], and in vitro measurements by Niosi et al [227], Yamamoto et al [216], 
Panjabi et al [69], and Noailly et al (personal communication). Some literature values were estimated from 
figures. 
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The different models, with the different bone-TDR interaction properties all 
exhibited the sigmoid shaped curves as measured for the L4-5 segment by Heuer et 
al (Figure 6.5). Two groups of models could be discerned; group 1) the bound 
model, the edge-bound model, and the stiff endplate model, which all showed similar 
moment-angle curves in all degrees of freedom, and group 2) the unbound model, 
the center-bound model, and the spikes model which, when compared to the bound 
model, were significantly more flexible in axial rotation, slightly more flexible in 
extension, hardly more flexible in lateral bending, and similar in flexion (Figure 6.5). 
However, only the increased flexibility in axial rotation increased ROM beyond the 
natural IVD range as observed experimentally (Figure 6.5). In axial compression, all 
models behaved similarly, with the axial stiffness increasing from 300 N/mm 
between 0-0.5 mm displacement up to 1000 N/mm between 1.5-2.0 mm 
displacement. 
 

 
Figure 6.5. The sigmoid non-linear motion curves and neutral zone (NZ) for the different models with the 
TDR, and the natural IVD behavior. The bound model, edge-bound model, and the plate model behaved 
similar, and were plotted as one curve to prevent a too complex graph. IVD L4-5 data was taken from 
Heuer et al [82], IVD L3-4 data was taken from Noailly et al (personal communication).  
 
When applying axial rotations, instant facet contact was present, while in flexion, 
extension, and lateral bending the facets made first contact after rotations of 4°, 2° 
and 2°, respectively. At 7.5 Nm, the sum of the contact forces of the two facet joints 
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was zero in flexion, and highest in axial rotation (6.3). In axial rotation, only the 
contralateral joint was loaded, whereas in lateral bending the ipsilateral joint was 
loaded. The high force contact area was limited to a small area of the whole facet 
cartilage surface (Figure 6.6), and peak forces on the facets in the bound model were 
0, 3, 10, and 16 N for flexion, extension, lateral bending, and axial rotation, 
respectively. The models differed mainly in axial rotation, with the highest facet force 
value for the unbound model (Table 6.3). On the contrary, at a given axial rotation 
angle of 2.4°, the bound model had an axial rotation moment of 7.5 Nm, the 
unbound model 2.0 Nm, the spikes model 3.6 Nm, and the center-bound model 3.6 
Nm. The corresponding facet reaction force at this angle was for the bound model 
93 N, for the unbound model 35 N, for the spikes model 51 N, and for the center-
bound model 49 N. Hence, at the same angle a lower moment was resisted by the 
group 2 models, resulting in lower facet forces, while at a given moment, the 
opposite was true. 
 

 
Figure 6.6 Facet force distribution in different loading conditions for the bound model at 7.5 Nm, ranging 
from zero (dark) to maximum contact forces (white). The peak facet forces were 0, 3, 10, and 16 N for 
flexion, extension, lateral bending and axial rotation, respectively. 

6.4 Discussion  
The influence of different bone fixation methods on the behavior of a biomimetic 
TDR design was evaluated using an L3-4 motion segment model. Fixation of the 
outer edge of the TDR to the bony endplate turned out to be essential in maintaining 
physiological motion, and preventing increased facet forces. 
The bound model, simulating complete bone ingrowth without the need of 
additional (temporary) fixation, was regarded as the theoretical ideal fixation method 



 

82 

 Development of a biomimetic AID

most similar to the connection of the natural IVD to the vertebrae. The ROM and 
the facet peak forces of the bound model were very similar to that of the original 
natural IVD model of Noailly et al [80,228]. Hence, the SMS behavior was 
maintained when replacing the IVD from the original model by the bound TDR.  
 
Table 6.3 Summed facet forces at 7.5 Nm loading, for models with different fixation between the TDR and 
the bone. Group 1 are models behaving similar to the bound model. Group2 did divergence in behavior from 
the bound model. 
Facet forces 
[N] for 
different 
models at 
7.5Nm: 

Group 1 Group 2 
bound Edge -

bound
Plate Center-

bound 
Spikes Unbound 

Flexion 0 0 0 0 0 0 
Extension 38 29 39 43 38 45 
Lateral bending 68 68 67 74 76 76 
Axial rotation 93 93 93 118 116 199 

 
Overall, the bound model mimicked the non-linear in-vitro motion of a motion 
segment well (Figure 6.5), although, similar to the IVD model, flexion was relatively 
stiff. Only recently, in vitro facet forces have been measured directly within the joints 
itself, resulting in L3-L4 facet contact forces at 7.5 Nm, up to 110 N in axial rotation, 
up to 60 N in extension, up to 50 N in lateral bending, and only negligible force in 
flexion [229-231]. Although the contact force in the model for lateral bending was 
relatively high, the values in the other directions (Table 6.3) were in agreement with 
literature [229-231]. Additionally, also the axial stiffness of 0.3-1 kN/mm was 
comparable to IVD stiffness (0.5-1 kN/mm) [34,35], although higher IVD values 
have been found [15]. A physiological axial stiffness is important for the TDR to 
maintain motion, while maintaining the disc height to prevent pinching of nerve 
roots. Overall, the TDR appeared to be a suitable replacement option for a 
dysfunctional IVD. 
The differences between the models due to different fixation methods were most 
distinct in axial rotation, leading to a ROM outside the physiological range, which is 
clearly undesirable. All differences could be explained by the lack of fixation of the 
fibers to the bone, especially at the peripheral edges. When only this edge was fixed, 
as in the edge-bound model, the SMS behavior was maintained. In contrast, when 
lacking this edge fixation, insufficient fibers were recruited during loading (unbound 
model), or only at higher rotation angles (spikes, and center-bound model). 
Therefore, the jacket fibers play the largest and essential role in resisting axial 
rotation and should be well anchored to the bone, similar to the Sharpey’s fibers of 
the natural annulus [15]. 
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In-vivo, when fixation depends solely on bone ingrowth, fixation is lacking directly 
post-surgery. This was simulated by the unbound model in which the bone was 
sliding over the TDR due to the lack of fixation, significantly increasing ROM and 
facet forces (Figure 6.5, Table 6.3). When, on the short or long term, the bone 
ingrowth would be incomplete, this will affect the SMS motion, as was shown by the 
center-bound model (Figure 6.5). It is therefore important to control the amount of 
bone ingrowth. One factor, which can enhance bone ingrowth, is to minimize 
motion between the implant and bone, as known from hip and knee arthroplasty. 
Motion is reduced when friction between TDR and bone is increased [232]. In the 
model the friction coefficient was 0.5, comparable to the friction between metal 
plates with variable surface roughness, and bone [233,234]. In vivo, this friction 
coefficient can be influenced by the material, the contact surfaces, and the loading, 
which may be used to minimize motion, improving fixation by bone ingrowth. 
As an additional fixation method, spikes were proposed. They were modeled by a 
local tied area between the TDR and the bone, not allowing separation. In reality 
however, the spikes would be pressed into the bone, with the fixation strength 
depending on the interlocking between the spikes and the bone. Nevertheless, 
compared to the unbound model, spikes improved the SMS behavior, and this could 
be considered a good short-term solution until bone ingrowth can occur for more 
optimal long-term performance. Moreover, when swelling of the TDR would be 
taken into account, the osmotic pressure would attribute to press the spikes in the 
bone, enhancing the fixation effect.  
Using rigid endplates resulted in similar ROM and facet forces as the bound model 
(Figure 6.5, Table 6.3). The rigid endplates were modeled by assigning metal 
properties to two layers of bone elements. Consequently, the fibers were tied to the 
bone via the endplates, and their function was not compromised. One concern about 
rigid endplates is that the load distribution to the vertebral bone will change, 
resulting in a tendency for bone resorption, as predicted below a metal endplate, 
using FEM analysis [76]. Although in-vivo long-term effects on bone are unknown, 
one could speculate that bone resorption may reduce the bone quality, influencing 
the long-term performance of the TDR or the vertebral bone. In addition, an extra 
benefit of the biomimetic TDR design is that its osmotic nature allows the device to 
be implanted in shrunken state allowing minimal invasive surgery. Rigid endplates, 
however, will make minimal invasive surgery more difficult. 
With increased, axial rotation ROM, facet forces at a given moment increased, but 
whether this increase is large enough to have a detrimental effect on the facet 
cartilage is difficult to predict. Not only magnitude, but also the frequency of 
application of the loads may be important. Moreover, in literature it is discussed 
whether in-vivo a certain motion, e.g. to pick something from the ground, is guided 
by moments or by the necessary angle needed to perform the task. When, therefore, 
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a rotation angle (e.g. 2.4° axial rotation) is prescribed instead of a moment, the facet 
forces even showed a reverse trend, and were lower in the unbound model. This 
effect was explained by the stiffness of the capsular ligament, which was higher than 
the stiffness of the group 2 TDR models forcing the TDR to move, instead of 
putting pressure on the facets. Nevertheless, to reduce the risk of facet damage, an 
increase in facet forces should be prevented where possible. 
The TDR properties were optimized for the isolated TDR [224] to match the 
moment-angle data of an L4-5 IVD, i.e. a motion segment without ligaments and 
posterior elements [82]. For the current study, the TDR geometry was adapted to fit 
within the L3-4 motion segment, resulted in a slightly higher and wedge shaped 
model, with a smaller circumference. This resulted in a more flexible isolated TDR, 
which maintained motion of the L3-L4 motion segment when replacing the IVD. 
The original model was validated in the intact state. The ligament properties may 
however be not unique, because different sets of ligaments may predict ROM within 
literature range equally well [235,236]. These same models, however, may vary 
significantly [236] when predicting motion of an SMS including a defect or 
treatment. Hence, a different set of ligaments may affect the SMS behavior 
differently when implanting a TDR. ROM of the original model [80], and the current 
TDR model (results not shown) were very dependent on the properties of the 
capsular ligament. Although the capsular ligament was found to indeed play a major 
role in maintaining ROM, especially flexion [54,82], others calculated a smaller role 
[235]. Hence, the exact role of each ligament is uncertain, and results of the current 
model are dependent on the ligament properties chosen. Nevertheless, the trends 
found between the models are consistent, and will probably not change significantly 
with a slightly different ligament models. 
The fiber jacket was not an exact morphological representation of a real fiber jacket 
[224], but a numerical representation, to model the mechanical performance of a 
jacket structure. In practice, the biomimetic design can have multiple fiber angles or 
multiple layers, with or without spikes attached as in the biomimetic AID [199]. The 
hydrogel was assumed swollen and undrained, and modeled as a nearly 
incompressible solid, without incorporating the biphasic solid-fluid nature of the 
hydrogel material. This simplified representation was permitted, because fast loading 
was assumed, which, taking into account the low permeability (on the order of  
10-3 mm4/Ns), would only allow minimal fluid flow. Additionally, a solid core was 
also shown previously to behave similar to a model with a hydrogel core under the 
loading conditions used [224]. Hence, both parts were simplified, but the model did 
represent the non-linear behavior of the swollen design. Nevertheless, this does limit 
our model to faster loading conditions, without incorporating time-dependent 
behavior, creep or swelling.  
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In the current model, no preload has been used, although this may affect ROM 
[44,237,238], and the facet forces [238]. A preload causes the TDR to bulge more, 
affecting the angle at which fibers are recruited. Additionally, ligaments were not pre-
stressed. Both limitations will affect the behavior of all models, and probably also 
change the relative difference, but the trend in results and the conclusion of this 
study are not expected to change.  
In conclusion, a model of a biomimetic TDR was developed within an L3-4 motion 
segment. The TDR could maintain ROM well compared to that of a natural disc. 
However, maintaining axial rotation stiffness, and protecting the facet joints, 
required a good fixation of the fiber jacket to the vertebral bone, especially at the 
outer edge. Hence, this fixation aspect needs specific attention in designing a 
biomimetic TDR. Rigid endplates to anchor jacket fibers is one option. However, 
long-term loss of bone quality due to stress shielding, is a concern and should be 
evaluated. A more biomimetic design, directly anchoring the jacket fibers in the 
bone, especially at the peripheral edge, would resolve this issue. However, because 
bone ingrowth takes time, an additional (temporary) fixation method, like spikes, 
would be required to assure immediate post-surgery fixation. 
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One method of treating severe low back pain is replacing the dysfunctional IVD 
with a total disc replacement (TDR). In this thesis, the design of a novel biomimetic 
artificial intervertebral disc (AID) has been proposed, and several first steps in its 
development have been presented. 

7.1 Summary and main findings 
The development of a new TDR requires the understanding of the tissue it replaces, 
and the mechanical environment within it is placed. In addition, current 
developments in other surgical methods are important, and more specifically in the 
field of TDRs.  
 
In Chapter 1, the IVD was described in its anatomical and mechanical environment. 
As part of three-joint complex, the IVD plays a key role in the non-linear, time 
dependent, osmotic behavior of the spine. A TDR should mimic the IVD well to fit 
in this complex system and to maintain its function.  
 
Chapter 2 described that first generation ball-and-socket TDRs have reasonable 
clinical results, similar to fusion, but concerns remain like unphysiological motion, 
adjacent segment disease, wear, and the lack of long-term results. Second generation 
TDRs diverge from the ball-and-socket approach, and incorporate more properties 
of the natural disc, like deformability, and fiber-reinforcement. None of the known 
devices incorporates the Donnan-osmotic nature of the IVD, which provides time-
dependent, swelling properties. 
 
In Chapter 3 the design of the biomimetic AID, including Donnan-osmotic 
properties, was introduced. In this approach, the IVD structure is mimicked to 
emulate its function. The nucleus-annulus structure of the IVD was mimicked in the 
first prototype by a HEMA/NaMA hydrogel core enveloped in a multi-layer 
Dyneema® jacket. In addition, a porous membrane was inserted between the jacket 
and the hydrogel, and titanium endplate rings were incorporated within the jacket.  
 
The first step in the development was to show that the biomimetic AID is a feasible 
design. In Chapter 4, therefore, the strength and durability of the biomimetic AID 
were evaluated, and its axial deformation behavior was compared to that of a natural 
disc. The AID remained intact up to 15 kN in quasi-static axial compression, 
ensuring a strength exceeding the maximum in vivo force [2]. In addition, the AID 
remained intact for 10 million cycles of a relatively high compressive load, 3-5 times 
the normal daily loading. Hence, the biomimetic AID was shown to be mechanically 
safe. 
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The axial creep behavior, dynamic stiffness and hysteresis of the AID were close to 
behavior of the natural IVD. Hence, the AID showed swelling, visco-elastic 
behavior, and shock absorption capacity comparable to the natural IVD. 
 
In Chapter 5, different TDR design concepts were compared with respect to their 
ability to mimic the behavior of the natural disc. Using a finite element model, four 
designs were evaluated, a homogeneous elastomer, a multi-stiffness elastomer, an 
elastomer with fiber jacket, and a hydrogel with fiber jacket. For each design, the 
properties were optimized, to match the IVD behavior in flexion-extension, lateral 
bending, and axial rotation.  
The designs without fibers had an approximate linear response in all degrees of 
freedom, and were unable to reproduce the non-linear behavior of the isolated IVD. 
Hence, using this type of TDR would require a trade-off in ROM values of different 
degrees-of-freedom. 
Including a fiber jacket in the design, did result in non-linear moment-angle curves 
similar to those of the IVD. Hence, the biomimetic TDR concept comprising a 
hydrogel core and fiber jacket was predicted to be a feasible concept for mimicking 
non-linear spinal motion.  
 
The functioning of the biomimetic AID was expected to depend on the fixation to 
the vertebrae. In Chapter 6, therefore, a finite element model of an L3-4 motion 
segment was developed, including a TDR model, representing the biomimetic AID. 
With this model, the influence of fixation methods on TDR functionality was 
determined. When complete bone ingrowth was assumed, the TDR model resulted 
in similar ROM compared to the IVD model [80,228]. In addition, the TDR model 
reproduced the non-linear in-vitro spinal behavior, which confirmed that the 
biomimetic concept is a suitable concept for IVD replacement.  
Fixation of only the center part of the TDR or complete lack of fixation increased 
ROM and facet loading, especially in axial rotation. When only the peripheral edge of 
the TDR was fixed to the vertebrae spinal behavior was maintained, highlighting the 
vital role of fixation along the annular rim. Hence, bone ingrowth may be a suitable 
method of fixation, but the amount and location of bone ingrowth should be 
controlled. Adding spikes for fixation, improved spinal behavior, which could be 
considered a good short-term solution until bone ingrowth can occur for more 
optimal long-term performance. Alternatively, using rigid endplates also maintained 
spinal behavior, but concerns of incorrect load distribution make this method less 
favorable. 
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7.2 The biomimetic design approach  
Second-generation TDRs aim at mimicking more closely the IVD mechanical 
behavior by introducing material properties characteristic for the IVD. The short-
term clinical study of the elastomeric Physio-L® indicated that adding a compliant 
material may indeed improve clinical results compared to Charité and Prodisc [185]. 
In Chapter 5, however, it was concluded that using an elastomeric device leads to an 
inevitable trade-off in range of motion of different DOFs. Nevertheless, including a 
compliant material appears to bring significant improvements. In addition, the 
HEMA/PMMA disc [194,195] and the 3DF disc [188] demonstrated that including 
fibers provides non-linear, energy dissipating axial behavior, closer to the natural 
disc. This confirmed the results of chapter 5 from which was concluded that 
including fibers is important to mimic non-linear IVD behavior. The 
HEMA/PMMA disc behavior was also strain-rate dependent [195]. These 
developments and results confirm that including more biomimetic aspects in the 
design is a promising line of research.  
The biomimetic AID design takes this development one step further by including 
Donnan-osmotic properties. The specific combination of the Donnan-osmotic 
hydrogel, mainly resisting compression, and the tensile load-resisting fibrous jacket 
give the biomimetic AID several advantages. It provides non-linear, time-dependent 
properties, and therefore good quantity and quality of motion as supported by the 
results in this thesis.  
In Chapter 5 and 6, it was shown that the same non-linear, motion was also possible 
by using a low modulus elastomer core. For example, the HEMA/PMMA hydrogel 
disc [195] demonstrated similar type of behavior. Nevertheless, using an osmotic, 
ionized hydrogel is expected to have additional benefits over those of the 
HEMA/PMMA hydrogel disc. First, the fixed charges will generate a Donnan-
osmotic pressure in the gel, allowing a higher water content, with lower modulus, 
and pre-stressing of the surrounding fibers, similar to the pre-stressing of annular 
fibers. An increased water content affects the strain dependent mechanical behavior, 
but also decrease the shear modulus relative to the compression modulus. In 
addition, the osmotic properties attract water influencing diurnal creep, and 
rehydration behavior of the AID. Moreover, the osmotic pressure forces the AID 
against the vertebrae assisting fixation, and providing a more homogenous load 
distribution to the bone.  
It is also expected that the osmotic pressure reduces crack propagation, improving 
fatigue life [200]. A hydrogel with high water content is smaller in dehydrated shape, 
decreasing the size of the implanted AID. After further optimization of this process, 
this may open the way to minimally invasive surgery.  
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7.3 The AID prototype 

7.3.1 Mechanical behavior 
A physiological axial stiffness is important for the biomimetic AID to maintain 
motion, as well as to maintain disc height to prevent pinching of nerve roots. 
However, a TDR should mimic all six DOFs of an IVD. In other DOFs, axial 
deformability often plays a role. Therefore, the good axial behavior of the AID is 
indicative of good behavior in other DOFs. In addition, it illustrates that the AID 
behavior depends on the combined behavior of the hydrogel, and the fibrous jacket.  
In Chapter 5 and 6, the finite element (FE) analysis predicted behavior of a 
biomimetic TDR design comparable to the IVD in flexion/extension, lateral bending 
and axial rotation. The FE models had several limitations, and the TDR model was 
only a theoretical description of the biomimetic design, and not of the exact 
biomimetic AID prototype. Nevertheless, the non-linear motion results of the model 
confirmed the feasibility of the biomimetic design concept to reproduce the typical 
non-linear spinal motion.  
Hence, both experimental and numerical results confirm that the biomimetic AID is 
a promising concept and able to mimic natural IVD behavior. Nevertheless, an 
experimental analysis of all six degrees of freedom of the biomimetic AID prototype 
is necessary.  

7.3.2 Effect of fatigue and construction 
The current prototype was mechanically safe and durable, which is essential for long-
term implantation, without loss of function or critical failure. Nevertheless, fatigue 
loading did have an effect on the behavior of the AID, with post-fatigue experiments 
resulting in an increased dynamic stiffness and decreased creep and hysteresis. These 
behavioral changes were probably due to settling of the fiber jacket resulting in a 
lower disc height. This settling of the AID happened mainly in the first 1 million 
loading cycles, after which the samples became stable. This indicates that preloading 
may not have been sufficient. The differences may also be attributed, at least partly, 
to that AID behavior without fatigue was tested on samples slightly different 
prototypes as the post-fatigue samples, i.e. with and without bone anchors, 
respectively. The bone anchors made the manufacturing more difficult, resulting in a 
slightly different construction, with a less tight jacket, allowing probably more space 
for the gel to swell. The consequential increased height and water content could 
explain the lower stiffness and higher hysteresis and creep. Effects of fatigue and 
construction should be taken into account in further development. 
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7.3.3 Critical issue: fixation  
In Chapter 6, spinal behavior and facet loading were shown to be dependent on 
bone fixation, especially at the peripheral edges. When lacking this edge fixation, 
insufficient fibers were recruited during loading (unbound model), or only at higher 
rotation angles (spikes, and center-bound model). This confirmed that especially the 
fibers should be well anchored to the bone, similar to the Sharpey’s fibers of the 
natural annulus [15].  
Complete bone ingrowth or the rigid endplates maintained motion in a similar way. 
Metal endplates are a more common and easier option. However, load transmission 
towards the bone may be affected, because the endplates should be supported by the 
strongest part of the vertebrae, the peripheral rim. This may lead to stress shielding 
of the trabecular bone, reducing the bone quality. Using bone ingrowth provides a 
more physiological load transmission, but this type of fixation depends on additional 
(temporary) fixation, especially at the peripheral rim. Hence, developing the right 
fixation method is a key next step in the AID design development. Moreover, 
finalizing the fixation method is important, because good fixation is required for 
determining mechanical behavior in-vitro or in-vivo. 

7.4 Further prototype development 
Material and geometric properties of current prototype are still to be optimized.  

7.4.1 Material properties 
The behavior of the biomimetic AID is tunable, because the different parts of the 
AID can be adapted. The composition of the hydrogel can be altered. For example, 
the swelling capacity can be increased by increasing the amount of NaMA, which 
increase the fixed charge density. In contrast, more cross-links make the gel stiffer, 
limiting swelling, but also making it more brittle. A different polymerization process 
may influence the mechanical properties of the gel.  
When necessary, the fiber jacket may be varied by choosing different fibers, change 
fiber thickness, fiber density, fiber orientation, and the number of jacket layers. In 
addition, the morphology of the jacket may be varied, by choosing a different 
manufacturing technique like braiding or knitting. Because the natural annulus has a 
non-uniform fiber orientation alternating the orientation locally may be beneficial. 
The membrane between the hydrogel and the jacket should be semi-permeable and 
tough. Although the jacket carries almost all loads, the membrane should be able to 
deform together with the jacket to prevent membrane tearing. The Gore-Tex 
membrane used in Chapter 4 showed the desired properties, although variation in 
thickness, porosity etc., may be considered, e.g. to influence creep behavior. 
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The inclusion of an endplate is related to the requirement of fixation. In the current 
prototype, relative flexible thin titanium ring-shaped endplates were used. Titanium 
is biocompatible and corrosion resistant but other (non)-metal materials may be used  

Other material consideration 
The choices of material properties are mainly determined by the desired mechanical 
behavior. Other aspects may also influence the material choice. For example, the 
amount of dehydration necessary for minimal invasive surgery guides the choice of 
gel properties. An additional aspect may be the possibility to visualize the design in-
vivo via MRI or CT. The high water content of the hydrogel eases visualization by 
MRI. Using metal for endplates allows for CT imaging. Finally, the choice of 
materials may be influenced by cost, availability, manufacturing, sterilization and 
packaging.  

7.4.2 Geometric properties 
The exact geometry of the biomimetic AID was not decisive for the concept of the 
non-linear, strain dependent behavior evaluated in this thesis. Nevertheless, 
geometry is important to fit correctly the disc space, and this may influence the final 
behavior. For example, a thicker, but smaller AID, with the same material properties 
will be more deformable. In addition, AID wedge angle is important to maintain a 
correct spinal lordosis, and the cross-sectional area will influence the interaction with 
the vertebral bone. As discussed in Chapter 5, the radius of the rounded corners of 
the biomimetic TDR design influences the non-linear motion. Hence, also this 
parameter should be taken into account in further development. Hence, the general 
IVD shape used in the current prototype should be transformed into a more specific 
shape, in close interaction with the chosen material properties. 

7.4.3 Fixation method 
Vertebral fixation by rigid endplates is an established fixation method. Applying this 
method would be relatively easy, although a good solution is necessary for the 
connection of the fiber jacket to the metal endplate. Nevertheless, the suboptimal 
load transmission may lead to negative long-term effects. In addition, stiff endplates 
will hamper minimal invasive surgery. The prototype in chapter 3 and 4 had ring-
shaped endplates incorporated into the fiber jacket layers, allowing multiple jacket 
layers to be used without extra jacket twists The benefit of these ring-shaped 
endplates over complete rigid endplates is two-fold. At one hand, it provides a way 
of attaching bone anchors to the AID, suitable for fixation at the peripheral rim. At 
the other hand, it still allows for direct contact between the AID and the bone, 
providing a physiological load transmission to the center of the bony endplates. 
Nevertheless, other endplate shapes may be considered, and even prototypes without 
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endplates could be developed. Nevertheless, whatever endplates are used, they 
should be relatively flexible to allow physiological load distribution, but stiff enough 
to provide fixation. 
Direct fixation by bone ingrowth facilitates physiological load transmission, but this 
method depends on additional (temporary) fixation. Good bone ingrowth [147,186] 
was found with metal endplates [147], and for the 3DF fiber disc [186], with superior 
better bone ingrowth (40-50%) compared to total joint replacements (10-30%) [147]. 
The UHMWPE fibers of the 3DF disc were coated with hydroxyapatite to enhance 
bone ingrowth. [187]. In similar way, the fibers of the biomimetic AID could be 
coated, enhancing bone ingrowth. 
To improve fixation, spikes were proposed for bone anchorage. Because they keep 
the fibers attached to the vertebrae, the mechanical behavior is improved. Because 
fixation to the peripheral edge is important, spikes should be close to the peripheral 
edge. The interlocking of spikes and bone depends on the spikes shape and 
roughness. This interlocking is supported by the axial loading of the body weight, 
and by the osmotic pressure working from inside the AID.  
An additional benefit of these spikes is that they reduce motion between the bone 
and the jacket, stimulating bone ingrowth. Bone ingrowth will also be facilitated by 
the osmotic pressure in the AID and the bodyweight, because the fibers are pressed 
against the vertebrae, improving fiber-bone contact. Furthermore, increasing friction 
between the jacket and the bone reduces motion, supporting bone ingrowth. Friction 
may be increased by for example, thicker fibers, resulting in larger knots where fibers 
interact, or by incorporating small onto the fibers.  
Hence, the combination of endplate rings with spikes for direct fixation, and bone 
ingrowth, enhancing long-term fixation, may be a suitable approach. 

7.4.4 In-vitro and in-vivo functional testing 
The biomimetic design can be characterized further by a combination of in-vitro, in-
vivo- and in silico methods [239,240]. The usual next step is in-vitro multi-level six 
DOFs cadaver testing. Parameters to measure are ROM, neutral zone, quality of 
motion, coupled motions, and center of rotation. Optimally, also facet contact 
forces, adjacent intradiscal pressure and ROM, and vertebral strains are measured. 
Because of the osmotic time dependent properties of the design, the influence of 
loading rate, and preload should be included.  
In addition to testing intact motion segment, it may be useful, to include six degrees 
of freedom testing on (partly) dissected segments, without ligaments, facet joints etc. 
These results could be used for model validation as demonstrated by Heuer et al [55] 
and Schmidt et al [79].  
A following or parallel step would be to implant the design in an animal model. 
Although it is preferred to use a minimal number of animals, the effect of bone 
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ingrowth should be performed in-vivo. In addition, spinal motion could be 
determined post-mortem as described by Cunningham et al [147]. In this way, the 
effect of the fixation method on spinal motion can be determined as well as possible 
adverse effects of implantation. Possible animal models are baboon, sheep or goat. 
Hence, animal models may be applicable for bone ingrowth testing and for final 
prototype testing before the step towards clinical trials can be made. 
In Chapter 4, the axial behavior of the current prototype was evaluated. Future 
prototypes should be tested again on static and fatigue loading, preferably not only 
axially, but also in bending and rotation. The available test standard (ASTM F2346) is 
not optimal for the biomimetic AID. It should be adapted to include effects of 
preload, creep, or strain rate dependency.  
As a last and final step, the biomimetic AID needs to be approved for clinical use. In 
order to get FDA approval, clinical trials, preferably randomized controlled trials 
should be set up, comparing the biomimetic AID with the golden standard fusion, or 
even better with a conservative treatment.  

7.4.5 The role of modeling 
In Chapter 5 and 6, FE analysis has been used to evaluate the biomimetic design 
concept. The models in these chapter contained several limitations, including 
simplified properties, and loading conditions, and flexion was relatively stiff. 
Moreover, the model did not exactly represent the current biomimetic AID 
prototype, but only the biomimetic design concept. Nevertheless, the results of these 
models were illustrative in comparing the biomimetic concept to other designs, and 
in evaluating the influence of fixation. 
FE analysis can also add to the further development of the biomimetic AID. 
Preferably, a more specific model of the hydrogel and jacket is developed. A useful 
approach would be to relate the behavior of the total AID to the different 
components and their properties. For example, the osmo-elastic gel model from 
Chapter 5 may be used to model only the gel to determine unknown properties, like 
gel matrix modulus or permeability, using the fixed charge density and water content 
as input. Additional compression, indentation and creep experiments on the gel 
could be included for validation.  
The fiber jacket may be modeled more accurately by including layers, by including 
fiber interactions, and by including jacket construction properties. Tensile testing on 
the jacket could be used as input for model validation. 
As following step, a complete model of the biomimetic AID prototype could be 
validated, based on determined gel and jacket properties, and supported by six DOFs 
and creep testing. This will require also a more validated SMS model, including an 
osmotic description of the IVD [201], preferably using stepwise reduction data [55].  
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An accurate model can accompany the experimental in-vitro setup to study internal 
stress, strains etc. Also more difficult to measure properties like intradiscal pressure 
and facet forces could be predicted. A complete model, relating spinal motion to the 
components of the AID, would be useful for virtual prototyping, evaluating the 
consequences of certain design variations. This will accelerate prototype 
development and reduce the necessary amount of animal experiments. 

7.4.6 Other developments 

Patient specific replacements 
The variability between persons and spinal levels should be incorporated in the 
biomimetic AID. As discussed, these variations are largely geometrical, but material 
variations and loading conditions may play a role as well. To cover the large 
variability among patients, current clinical TDRs are available in discrete number of 
sizes. Optimally, however, the sizing of the biomimetic AID should be performed 
patient specific using imaging techniques, like discussed for the HEMA/PMMA disc 
[195]. In addition, patient specific material properties may be determined with the 
help of modeling techniques. 

Biocompatibility and wear 
For implantation, the biocompatibility of the complete AID and its components 
should be tested. Although wear is not expected to be a problem, wear tests may be 
performed, based on ISO18192. In addition, tests to determine body responses to 
wear particles may be included. Although the risk of extrusion seems small, it should 
also be proven that no gel particles are extruded through the membrane and the 
jacket. 

Surgery 
For final implantation, but also for animal studies, the surgical techniques should be 
developed, including instrumentation. When aiming for minimal invasive surgery the 
AID should be designed in a way that it can shrink significantly, but also that it 
should swell fast enough in-situ to regain disc volume.  
When removal of the biomimetic AID would be necessary, a revision strategy should 
be present. Revision does not necessarily need to be minimal invasive. A standard 
revision technique is fusion, which is not minimal invasive anyway. 

Manufacturing 
In the further development of the biomimetic AID, a final step will be 
manufacturing, sterilization and packaging. Automation of gel polymerization, jacket 
knitting, assembling, dehydration, and storage should be addressed. Manufacturing 
will start to play a role in next version of the prototype, mainly to acquire more 
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reproducible prototypes. Packaging and sterilization would also be required for 
animal studies. 

7.5 Summary of recommendations 
The further develop the biomimetic artificial intervertebral disc many steps are still 
necessary. To summarize, the current prototype needs optimization of material 
properties, geometric properties, and the fixation method should be finalized. Ring-
shaped endplates with bone anchors, in combination with bone ingrowth, are 
preferred.  
In-vitro, six degrees of freedom behavior of the biomimetic AID should be 
determined. In parallel, bone ingrowth on fibers should be studied as well as the 
bone ingrowth onto the jacket structure. Biocompatibility, wear tests and fatigue 
tests should be performed. To make a step towards animal studies and finally clinical 
trials, a reproducible manufacturing method, and surgical technique should be 
developed, preferably allowing patient specific AIDs.  
In addition, a more specific finite element model of the AID may be developed. 
When AID function and compositions can be related, the model can be used as a 
virtual prototype development tool. A parallel path of real and virtual prototype 
development will bring the biomimetic AID closer towards clinical application. 

7.6 Conclusions 
In this thesis, the first steps in the development of a biomimetic artificial 
intervertebral disc were reported. The patented design concept has been presented 
and is thought to provide non-linear, visco-elastic, osmotic properties, similar to the 
natural IVD. Experiments on a first prototype in axial compression demonstrated 
that the design is mechanically safe, and is promising in mimicking the time-
dependent Donnan-osmotic properties of the IVD.  
FE analysis predicted that the combination of an osmotic hydrogel core and a tensile 
load-bearing fibrous envelope is necessary for reproducing the non-linear motion of 
the spinal motion segment. In addition, the FE models predicted that a biomimetic 
TDR is capable of mimicking spinal motion in different degrees of freedom. 
Nevertheless, fixation of the biomimetic AID to the vertebrae is a critical design 
aspect. 
Many steps are still necessary before the biomimetic AID can be introduced in the 
clinic to treat patients suffering from low back pain problems. Nevertheless, the first 
results indicate that it is a feasible and promising approach. 
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Patent abstract 
The present invention relates to a prosthesis comprising a core of a gel material and 
a fiber envelope, which surrounds the core. In addition, the present invention relates 
to a method for producing the same. The invention further relates to the uses of the 
prosthesis. The object of the present invention is to provide a prosthesis, which is 
based on a material, which combines a low shear stiffness with a high degree of 
toughness and good swelling properties. Another object of the present invention is 
to provide a prosthesis, which is based on a material, which exhibits excellent 
durability and wear resistance.  

Patent description 
The present invention relates to a prosthesis comprising a core of a gel material and 
a fiber envelope, which surrounds the core. In addition, the present invention relates 
to a method for producing the same. The invention further relates to the use of the 
prosthesis. 
The natural intervertebral disc (discus intervertebralis or discus) forms part of a 
motion segment of the back. Such a motion segment consists of two vertebrae, an 
intervertebral disc (a cartilaginous disc, which connects the vertebrae), two small 
posterior joints (facet joints), ligaments and muscles. All these elements jointly 
determine the extent to which movement of the back is possible. The intervertebral 
disc thus forms part of the overall locomotor apparatus, in which all the elements 
work together. This unit of elements can only perform its function if all the elements 
remain intact, or are repaired in case of damage. If the intervertebral disc is for 
example insufficiently capable of performing its function because it is damaged, this 
may lead to the small joints being overloaded, which in turn may cause damage to 
said joints. Timely replacement of a damaged or defective intervertebral disc, 
preferably by an artificial intervertebral disc having comparable characteristics, is of 
major importance, therefore. 
A natural intervertebral disc is built up of a gelatinous core (nucleus pulposus), which 
is enclosed in a fibrous ring (annulus fibrosus) (White et al., Clinical biomechanics of 
the spine, J.B. Lippencott Company, Philadelphia, 1978). The nucleus and the 
annulus both comprise stiff and mutually cross-linked collagen fibers, which are 
intertwined with proteoglycan chains. Said proteoglycan chains contain fixed, 
strongly negatively charged side chains (glycosamino glycanes), which interact with 
ions from the environment, as a result of which water is attracted by the 
intervertebral disc. Because of the high concentration of proteoglycan chains, the 
nucleus contains 85-95% water, whilst the annulus, which comprises a relatively great 
deal of collagen fibers and less proteoglycan chains, contains 70-85% water. As a 
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result of this specific composition, the disc allows movement of the vertebrae 
relative to each other and, in addition, has a shock-absorbing function. The two 
adjacent vertebrae comprise end plates consisting of hyaline cartilage, which serves 
as a transition zone between the soft intervertebral disc and the hard vertebrae. 
In case of back complaints associated with degeneration of the intervertebral disc, 
such as a serious hernia nucleus pulposus, surgery may be necessary. In some cases, 
part of the intervertebral disc - generally the annulus - can be saved, but in serious 
cases, the intervertebral disc must be replaced in its entirety. To restore the function 
of the vertebral column, a prosthesis must be implanted, which prosthesis takes over 
the mechanical function of the natural intervertebral disc, both as regards mechanical 
stiffness and as regards swelling behavior. 
Prostheses for intervertebral discs must meet a number of requirements (Eijkelkamp 
et al., The International Journal of Artificial Organs, 2001, 21 (5), 311-321) such as, 
inter alia, a correct geometry for an optimum attachment and an optimum pressure 
distribution in relation to the adjacent vertebrae. Further requirements include a 
sufficient degree of stiffness so as to obtain a good shock absorption, and a swelling 
behavior comparable to that of the natural intervertebral disc. 
US 5,824,093 discloses a nucleus prosthesis (10) comprising a core of a gel material 
(12) and a woven fiber envelope (14). 
WO 2005/013863 (present inventors) discloses a prosthesis comprising a core of a 
gel material (2) and a wrapped fiber envelope surrounding said core (3). 
US 2002/026244 discloses a nucleus prosthesis comprising a core of hydrogel with a 
woven fiber envelope which surrounds the core. 
EP 0 353 936 discloses a prosthesis comprising a core of a gel material with an 
envelope of a woven material. 
US 5,192,326 relates to a prosthesis comprising a core of a gel material enclosed by 
an envelope of a woven material. 
International application WO 04/049980 relates to an artificial intervertebral disc 
comprising a core of a flexible material (silicone rubber) having the shape of a 
flattened body, with a lower and an upper side, which upper and lower side are 
connected by a lateral surface, around which core substantially radially oriented 
windings of a traction-resistant fiber have been applied. 
A drawback of such an artificial intervertebral disc is that the windings of traction 
resistant fibers thus applied give the fiber structure insufficient shape stability and 
consequently allow only a limited buildup of swelling pressure in the core without 
loss of the original shape, which adversely affects the durability and strength of the 
artificial intervertebral disc. In other words, upon application of a substantial load 
the core material will bulge out between the windings of the fibers. 
An example of a prosthesis for replacing intervertebral discs, which was and/or is 
commercially available, comprises a prosthesis based on a flexible core and rigid end 
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plates, viz. a rubber core covered by titanium end plates (Acroflex®). Prostheses 
intended for replacing only the nucleus of an intervertebral disc, which prostheses 
are based on hydrogel materials, are known inter alia from US patents Nos. 
5,674,295; 6,402,784 and 5,047,055, in which the natural annulus is filled with a 
hydrogel material, which hydrogel material has swelling properties and which may or 
may not be surrounded by a membrane. Other prior art prostheses are so-called 
hinge prostheses, such as the Prodisc II®, the Maverick ® and the Charity®. The 
drawback of such hinge prostheses is that wear occurs on the hinging parts. 
Prostheses comprising a flexible core do not move via hinges but through 
deformation of the flexible core, which does not result in wear. 
It is an object of the present invention to provide a prosthesis for an intervertebral 
disc, which prosthesis imitates the characteristics of the natural intervertebral disc. 
Examples of characteristics, which will be explained in more detail hereinafter, 
include the swelling capacity of the prosthesis, osmotic pre-stress, creep and 
relaxation, non-linear viscoelastic material behavior, strength, stiffness, toughness 
and fatigue resistance. 
Another object of the present invention is to provide a prosthesis, which is based on 
a material, which combines a low shear stiffness with a high degree of toughness, 
axial stiffness and durability. 
Another object of the present invention is to provide a prosthesis, which can be 
implanted in the human or animal body in a simple manner without any ligaments 
being seriously stretched near the location of the prosthesis upon surgical 
implantation of said prosthesis. 
Another object of the present invention is to provide a prosthesis, which exhibits a 
high degree of durability, good shock absorption and good fatigue properties. 
In addition to that, it is an object of the present invention to provide a prosthesis for 
other joints and parts of joints in the body, such as a meniscus, for example.  
One or more of the above objects are accomplished by the prosthesis as referred to 
in the introduction, which is characterized in that the fiber envelope consists of a 
woven material. 
The present invention will be explained in more detail hereinafter with reference to 
the following figures: 
Figure A1 shows of force-thickness diagram of the static loading of a sample 
prosthesis. 
Figure A2 shows the change in the thickness of a sample prosthesis during a fatigue 
test. 
Figure A3 shows the load on a present prosthesis while different frequencies are 
being used. 
Figure A4 shows the creep behavior under a load of 1300 N of a prosthesis 
according to the present invention. 
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In this description of the present invention, the term "woven material" is understood 
to mean a material obtained by using techniques such as weaving, knitting, spool 
knitting, braiding knotting or bobbin-lacing and the like. This is in contrast to the 
prior art so-called wrapped envelope as described above. 
The advantage of the present prosthesis, which advantage has been discovered by 
the inventors, is that the gel material of the core is correctly held in place in the core 
by the presence of a woven envelope, so that hardly any gel material will bulge out 
through the individual fibers of the envelope, in contrast to the situation that occurs 
when a wrapped envelope is used. 
With prior art prostheses having a core consisting of a gel material surrounded by a 
thin membrane or a wrapped envelope, the gel material can bulge out or protrude 
through the membrane or the wrapped envelope under a load as occurs during 
normal use. When such a configuration is used, there is even a chance that when the 
prosthesis is subject to, for example, swelling pressure of the gel material or a load 
during use, the windings will shift relative to each other and over each other, as a 
result of which, as described above, openings are formed between the windings, 
through which openings the gel material bulges out. This is disadvantageous, because 
it adversely affects the structural integrity of the configuration and reduces the life, 
whilst gel material may be released, which can subsequently find its way into the 
body, possibly leading to undesirable side-effects for the patient. 
A possible explanation - to which the present inventors do not wish to be confined - 
for the fact that the present prosthesis functions so well is that because of the use of 
a woven material the fibers, possibly in the form of threads or yarns, are arranged at 
relatively fixed positions relative to each other and major shifts relative to each other 
are thus not possible. In the case of a wrapped envelope, on the other hand, major 
shifts of the fibers relative to each other are possible, so that large openings can form 
between the fibers, through which he gel material of the core can bulge out. When 
woven materials are used, the extent to which individual fibers can shift within the 
material is more confined, and thus no large openings will be formed and less gel 
material, or even practically no gel material at all, will bulge out. 
Another advantage of the present prosthesis is that the woven envelope exhibits a 
good durability, as experimentally demonstrated by the present inventors and as will 
be explained hereinafter in the Examples. 
Another advantage of the present invention is that effecting a bond between the 
bone near which the prosthesis is placed on the one hand and the prosthesis on the 
other hand is made easier. The word "bone" refers to, for example, the bone material 
of vertebrae. 
An additional advantage of the use of a woven envelope over, for example, a 
wrapped envelope according to the prior art is that the structure of the woven 
envelope with open meshes makes the ingrowth of bone into the woven envelope 



 

118 

 Development of a biomimetic AID

possible, which leads to an excellent bond with the adjacent bone material after 
implantation of the prosthesis into the body. Such ingrowth is less readily possible 
when wrapped envelopes are used. 
An implanted prior art prosthesis comprising a wrapped envelope has a smoother 
surface than the present prosthesis, which comprises a woven envelope, because the 
latter comprises "junctions" or intersections of fibers, yarns and/or threads. Since 
the surface of the present prosthesis is less smooth, less migration will occur in the 
body due to the increased friction between the envelope of the prosthesis and the 
adjacent bone material. 
The bulging out of core material can also be prevented by selecting a different core 
material, such as a silicone rubber, for example, as described in WO 04/049980. 
Such a configuration makes it virtually impossible to implant the prosthesis for an 
intervertebral disc without stretching the ligaments of the vertebrae, which is 
undesirable. 
As already described before, a number of characteristics of the natural intervertebral 
disc are essential to the proper functioning thereof. Said characteristics will be briefly 
elucidated hereinafter. 
The swelling capacity of the prosthesis is the ability of the prosthesis, and in 
particular the core of gel material, to swell as a result of the absorption of water. The 
swelling capacity can be adapted as desired by adapting the gel material in the core. If 
a hydrogel is used, the composition can be adapted so that the hydrogel will 
comprise more or fewer ionic compounds having a relatively higher or lower water-
attracting capacity. The good swelling capacity of the present prosthesis makes it 
possible to surgically implant the prosthesis in reduced condition at the desired 
position in the body, so that ligaments present around the joint will not be overly 
stretched and damage can be prevented. Also removal of the prosthesis is possible in 
this way. An agent can be injected into the implanted prosthesis, for example by 
means of a syringe, causing the prosthesis to shrink/become smaller in the body, 
after which surgical removal will be less laborious. 
According to the present invention, it is in particular preferable if the (hydro) gel can 
swell more than the dimension of the envelope allows. The stiffness of the 
prosthesis depends on the swelling pressure in the prosthesis, which is obtained by 
the balance between the swelling of the (hydro)gel and the stiffness of the woven 
envelope, as a result of which fibers are pre-stressed and the amount of swelling is 
limited. As a result of the internal pressure that is obtained in the gel, said gel will less 
easily exhibit tears. 
In other words, without an envelope, the (hydro) gel core could swell more than with 
an envelope; the envelope restricts the amount of swelling. 
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Osmotic pre-stress of the prosthesis is obtained in that the core of gel material 
cannot swell further than allowed by the envelope, which leads to a pre-stress in the 
core and interwoven envelope. 
Creep is the time-dependent deformation at a constant load, as a result of which the 
stress level in the material decreases. When an intervertebral disc and also the present 
prosthesis is loaded, water will flow out, as a result of which the intervertebral disc 
will become thinner. When the load decreases, the thickness will increase again as a 
result of the inflow of water. 
Stress relaxation (also called relaxation) is the decrease of the stress level in the 
material upon being subjected to a continuous mechanical load. An example of 
relaxation is the use of pre-stressed fibers, which are stretched and thus experience 
internal stress. After some time it will be found that the stress decreases whilst the 
amount of stretch remains unchanged. This is related to the viscoelastic behavior of 
the material. 
The inflow and outflow of water in a night and day rhythm, which rhythm is the 
result of the higher load during the day and the lower load during the night, result in 
stresses being spontaneously distributed over the prosthesis, the small joints and the 
ligaments, so that stress concentrations can be prevented. 
Elastic materials directly exhibit stretch upon being loaded in tension and return to 
their original state when the load is released. Viscoelasticity is the property of 
materials that exhibit both viscous and elastic behavior upon deformation. 
Viscoelastic materials exhibit time-dependent stretch. As a result of the viscous 
behavior of the present prostheses, loads being exerted can be distributed more 
evenly over the prosthesis. 
Non-linear viscoelastic behavior means that in the case of a high stretch level the 
degree of stress per unit of stretch increases relatively more strongly than in the case 
of a low stress level. The stress-stretch relation is non-linear, therefore. 
Strength provides information about the ability of the prosthesis to remain intact 
upon being subjected to a large force, and the toughness provides information about 
the ability of the prosthesis to remain intact upon undergoing major deformation. 
Fatigue resistance is the resistance to fatigue, fatigue being the phenomenon that a 
material collapses under a varying, long-lasting load. The varying load may lead to 
breakage, even if the stresses remain far below the maximum flow or breaking stress 
at all locations. It is important that the present prostheses can perform its function 
for a long time after being implanted. A prosthesis for a joint part, such as an 
intervertebral disc, will be subjected to varying loads for a prolonged period of time, 
and it is of major importance, therefore, that the prosthesis exhibits a good 
resistance to fatigue. The fatigue resistance indicates the extent to which the 
prosthesis is resistant to a large number of loads, and thus what the useful life of the 
prosthesis will be. 
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The stiffness indicates the extent to which a material can exhibit deformation. The 
stiffer a material, the less deformation it will exhibit. The stiffness of the present 
prosthesis is obtained by the balance between the swelling capacity of in particular 
the core (as explained in the foregoing) on the one hand and the size and the 
stiffness of the envelope on the other hand. If a hydrogel material is used as the core 
material, the core can adapt itself upon being subjected to a load. After all, when a 
load is applied, water will be moved from the core to the environment, causing the 
stiffness to increase. Upon relaxation (no load being applied), the core will absorb 
water from the environment again as a result of the osmotic effect. The stiffness and 
the osmotic stress caused thereby protect the small joints in the motion segment 
against overload, because the load is born mainly by the prosthesis. 
The degree of stiffness must be selected so that a compromise is found between the 
deformability of the joint on the one hand and the stability of said joint on the other 
hand; the implantation of a prosthesis must not interfere with said deformability and 
stability. 
In the natural intervertebral disc the ratio between axial stiffness and shear stiffness 
of the prosthesis is about 1:8, whilst in a prosthesis comprising a flexible plastic core 
this ratio is about 1:3. The axial stiffness relates to the stiffness over the axis of the 
back. The shear stiffness relates to the stiffness caused by the extent to which lateral 
movement of vertebrae is possible. 
During the movement of two vertebrae, the position of the axis of rotation or the 
rotation point changes, unlike hinged vertebrae having a fixed rotation point. The 
extent to which movement of the present prosthesis is possible is equal to that of the 
natural intervertebral disc. 
It is preferable if the gel material according to the present invention is a hydrogel, i.e. 
that it consists partially or entirely of a hydrogel. The advantage of using a hydrogel 
is the excellent swelling capacity thereof. 
It is in particular preferable to use an ionized hydrogel in the present prosthesis, viz. 
a hydrogel containing 0.02-2% ionized groups (amount of molequivalente charge per 
liter), preferably 0.05-1%, more preferably 0.1-0.5%, in particular 0.2-0.4%. An 
example of such a hydrogel is the combination of HEMA (hydroxyethyl 
methacrylate) and NaMA (sodium methacrylate), with preferably 0.1 to 20 wt.% 
NaMA, in particular 0.5 to 10 wt.% NaMA, more in particular 1 to 6 wt.% NaMA . 
NaMA contains negatively charged groups, whose action is comparable to that of the 
proteoglycan chains in a natural intervertebral disc, viz. attracting water. Other 
polymethacrylates may be used as well. The hydrogel material may further comprise 
additional components, such as water, cross-linkers, polymerization initiating agents 
and other agents. 
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More in particular, the hydrogel that is used as the core material is reinforced with 
fibers, so as to obtain a better durability, wear resistance and load properties of the 
present prosthesis. 
A fiber-reinforced hydrogel material is known from “Composite hydrogels for 
implants”: L. Ambrosio c.s. Proceedings of the institution of mechanical engineers, part H, 
Journal of Engineering in Medicine (1998), 212 (2), 93-9, Ref. 24. Bundles of polyethylene 
terephthalate fibers are used therein, which fibers are non-absorbent; these fibers are 
incorporated in the polymerized hydrogel. For a number of applications, the material 
obtained therewith is stiff in relation to the characteristic stiffness of soft biologic 
tissues it is intended to replace. 
Young et al. (Biomaterials 1998, 19, 175-1752) describes a material based on poly-2-
hydroxyethyl methacrylate (pHEMA) reinforced with Lycra fibers (with a low tensile 
strength). Fiber structures are provided in a hydrogel. The fiber-reinforced hydrogel 
contains about 1% fiber and can be used as artificial skin. 
The prosthesis according to the present invention preferably comprises a fiber-
reinforced hydrogel in the core material, the hydrogel being reinforced with fibers 
having a tensile strength of at most 1 GPa. Examples of such a fiber having a low 
tensile strength (also called elasticity modulus) are Lycra® or Spandex® having a 
stretch capacity in excess of 500%. Such fibers having a low tensile strength exhibit a 
good absorption of the hydrogel material and form a homogeneous mass, therefore. 
In addition, such fibers exhibit a good bond between the fiber and the hydrogel 
whilst reducing the risk of the hydrogel breaking out of the woven envelope. 
In particular, the amount of fibers in the fiber-reinforced hydrogel is at least 5%, 
based on the weight of the hydrogel, so as to obtain an optimum balance between an 
adequate strength and durability of the prosthesis on the one hand and flexibility and 
swelling capacity of the prosthesis on the other hand. In one embodiment, the fibers 
are added to the hydrogel material in fine-cut form, preferably not exceeding 1 cm in 
length. 
It is also possible to mix a foam with the hydrogel so as to make the hydrogel 
stronger, comparable to a fiber-reinforced hydrogel. Such a foam preferably has 
properties that correspond to those of Lycra. The foam that is used preferably has 
the following properties: a density of 20-80 kg/m3, a tensile strength of more than 
100kPa, an elongation at break of more than 100%, compression resistance of 1.0-
10.0 kPa. The foam must be of medical quality, preferably of the type with open 
cells, and be reticulated, i.e. the cell walls between the individual cells have been 
removed. 
It is also possible to pre-form the foam to the desired shape, for example in a mold, 
after which the hydrogel is formed in the mold (see Example 3). 
Such foams and fibers exhibit a good absorption of the hydrogel material and 
accordingly they form a homogeneous mass. The foams and the fibers  can be added 



 

122 

 Development of a biomimetic AID

to the monomer(s) from which the hydrogel is formed. Thus, said foams and/or 
fibers are present during the polymerization process, as a result of which said foams 
and/or fibers become integrated in the hydrogel material. This makes the hydrogel 
tougher and tears will less easily form in the hydrogel material. Moreover, such 
foams and/or fibers exhibit a good adhesion to the hydrogel and a reduced risk of 
the hydrogel breaking or bulging out of the woven envelope. 
In comparison with fine-cut fibers, a foam provides a more homogeneous 
distribution of the material, and consequently weaker spots will less easily be formed 
in the hydrogel, so that the extent of tear formation will be even less than when 
fibers are used. 
The present prosthesis in particular comprises an envelope, which is substantially 
made of fibers, which are traction resistant. In the present description, the term 
"traction resistant fiber" as used in the present description is understood to mean a 
fiber, which exhibits an elongation at break of at most 15%, preferably at most 5%. 
The advantage of the use of such traction resistant fibers in the envelope is that this 
leads to a prosthesis having improved properties as regards fatigue resistance, 
durability and load-bearing properties. 
The traction resistant fibers preferably have a tensile strength of at least 1 GPa, more 
preferably at least 3 GPa, even more preferably at least 5 GPa, in particular at least 7 
GPa and more in particular at least 10 GPa. Thus, the best results are obtained as 
regards fatigue resistance and durability. The fibers for the envelope preferably have 
an elasticity modulus of at least 50 GPa, preferably at least 75 GPa. Examples of 
suitable fibers include, for example, Dyneema Purity®, which has a tensile strength 
of 3 GPa, an elasticity modulus of 98 GPa and an elongation at break of 3.4%. 
The present prosthesis in particular comprises an envelope which is mainly made of 
fibers which are abrasion resistant. Abrasion is wear caused by shearing forces 
transversely to the direction of pulling. An abrasion resistant material does not wear 
easily upon contact and/or friction with other surfaces and retains its integrity. Said 
fibers will remain intact for a long period of time, therefore, in case they should grate 
along other surfaces, so that the risk of failure of the prosthesis is minimized. Fibers 
have a resistance of at least 104 cycles, preferably at least 105 cycles. 
It is in particular preferable if the woven envelope for the present prosthesis is 
knitted or knotted, in particular knitted. 
The size of the envelope is adapted to the application in question. In the case of a 
prosthesis for an intervertebral disc, the size of the envelope is comparable to the 
size of the natural intervertebral disc that is to be replaced. 
This has the advantage that, in particular in the case of a knitted material, a structure 
having a suitable roughness is realized, so that there will be little migration, whilst 
furthermore an optimum bone adhesion will be obtained. 
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Preferably, polyethylene fibers are used in the woven envelope, which woven 
envelope in particular consists substantially entirely of such polyethylene fibers. 
Examples of suitable polyethylene fibers that are traction and abrasion resistant 
include, for example, Dyneema (brand) from DSM and the fibers described in WO 
04/049980. It should be noted that the term "fibers" as used herein is also 
understood to refer to threads and yarns consisting of mono-filaments or multi-
filaments. The thickness of the fibers is not bound by any limits and can be 
determined in dependence on the application by a person skilled in this field of the 
art. 
In order to prevent the bulging out of the gel material even further, it is preferable to 
provide an additional protective layer under the woven envelope (i.e. between the 
woven envelope and the core), for example in the form of a membrane or a film. 
Such a protective layer envelopes the core entirely or partially. In the case of an 
artificial intervertebral disc, the core has the shape of a flattened body having an 
upper side and a bottom side, which upper side and bottom side are connected by a 
lateral surface. If the protective layer envelopes the core only partially, only the upper 
side and the bottom side, or only the lateral surface, will be enveloped, for example. 
The degree of enveloping by the protective layer will be selected in dependence on a 
number of factors, for example the mesh size of the woven envelope and the type of 
hydrogel material. 
A membrane can be applied by folding a membrane around the core, for example. 
The membrane can be wound several times around the core, so that the core will be 
surrounded by, for example, two, four or even more membrane layers. 
An example of a membrane that can be used in the present invention is the 
membrane Gore Preclude®. It is a pericardial membrane consisting of expanded 
polytetrafluorethylene and has a thickness of 0.1 mm and a pore size of less than 1 
μm. 
The aforesaid bulging out will be reduced even further as a result of the use of such 
an additional protective layer, because the small openings that may be present in the 
woven envelope are "closed" by the protective layer. 
In particular a low degree of bulging out is obtained by using a dialysis membrane or 
other membrane or film having a pore size of about 1 nm - 100 μm as the protective 
layer. The pore size is suitably selected in dependence on, for example, the mesh size 
of the woven envelope and the type of hydrogel material. 
If such a protective layer is used in prostheses comprising a wrapped envelope, a 
situation may occur under a load during use where the windings of fibers move 
apart, so that openings are formed. As a result, pressure will be exerted on the 
protective layer, possibly causing the protective layer and the gel material to bulge 
out. Since the protective layer is too weak to resist such a pressure, the protective 
layer might tear under pressure, which is undesirable. Consequently, the use of a 
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protective layer, such as a membrane, with an envelope wrapped around said layer, 
does not suffice for being able to resist the required load in the case that a gel 
material is used as the core part. 
The woven envelope according to the present invention preferably has a mesh size 
of at most 1 mm². The term "mesh size" is understood to mean the size of the 
openings between the various yarns (fibers) of the woven material. If a mesh size 
exceeding this range is used, there will be an increased risk of the gel material bulging 
out. It is possible, however, to use a larger mesh size, possibly in combination with 
an extra protective layer. It will be apparent, however, that the mesh size depends 
both on the stich density and on the thickness of the fibers that are used. 
In a preferred embodiment, the knitted envelope has a stich density of at least 15 
stitches per inch (6 stitches per cm), preferably at least 20 stitches per inch (8 stitches 
per centimeter), and in particular at least 25 stitches per inch (10 stitches per 
centimeter), or even 50 stitches per inch (20 stitches per centimeter). If a smaller 
stich density is used, the risk of bulging out of the gel material will be greater. It is 
possible, however, to use a smaller stich density, possibly in combination with an 
additional protective layer. Different stitch densities may be used in the longitudinal 
direction and the transverse direction of the envelope. 
The woven envelope may consist of one or more layers of a woven material, which 
layers are applied simultaneously or separately around the core. If the layers of the 
envelope are applied separately, the layers can be closed separately. If more than one 
layer is applied, it is of major importance that the dimensions of the various layers 
are correctly geared to each other, i.e. that the layers closely abut each other. After 
all, if one of the layers would be considerably smaller, this layer would bear the 
largest load, which is undesirable for reasons of overall strength.  
Preferably, the woven envelope consists of at least two woven layers. In addition to 
that, other layers may be present. The warm layers may be identical or different from 
each other, for example as regards the fiber type, the fiber thickness, the coating, the 
mesh size and the like. Since the prosthesis comprises at least two layers, it has an 
enhanced level of safety in comparison with a single-layer envelope, since at least a 
second layer will remain to prevent the hydrogel from bulging out in case one layer is 
damaged. The prosthesis provided with an envelope consisting of at least two woven 
layers is furthermore capable of bearing a larger load. Since a prosthesis according to 
the present invention is safe, it is suitable for use as a prosthesis for a full 
intervertebral disc (nucleus and annulus). 
In a preferred embodiment of the present invention, the at least two woven layers of 
the envelope are connected. By connecting the woven layers, the forces exerted on 
the envelope are distributed over the two woven layers, so that the layers of the 
prosthesis can bear the load proportionally. As a result, the stresses are 
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homogeneously distributed over the various woven layers of the envelope, which is 
advantageous. 
The individual woven layers can be formed by using different woven materials as 
layers or by wrapping a woven material made in one piece, for example a long tube 
(see hereinafter) several times around the core, as a result of which several layers are 
formed. 
The (one or more layers of the) envelope can be provided in the form of a cylindrical 
woven material which is arranged around the core, after which the two open ends of 
the cylindrical woven material must be closed, for example by sewing. 
It is also possible to apply a tubular woven material, which material is preferably 
arranged in a layer around the core, after which the tubular material is closed on an 
open side by turning, whereupon the tubular material is pulled back over the core in 
the reverse direction, thus applying a second layer - and possibly, by repeating the 
procedure, one or more further layers - of the envelope, which second layer is 
directly connected to the first layer, therefore, as a result of which the stresses are 
more homogeneously distributed over the various layers of the envelope. 
In a preferred embodiment of the present invention, one or more layers are 
seamless. More in particular, all the layers present are seamless. The presence of a 
seam locally weakens a woven layer, which is rather less desirable. However, if more 
layers are present, with the seams located at different positions, there is a possibility 
that the presence of seams will not weaken the prosthesis. The absence of a seam 
leads to a stronger layer and thus to a stronger envelope. As a result, a layer will be 
damaged less easily when subjected to a load. 
Preferably, a less flexible part is provided between the core and the envelope. 
In another preferred embodiment of the present invention, the core has the shape of 
a flattened body having a lower and an upper side connected by a lateral surface. 
This is the shape of a disc or a flattened sphere, therefore. Such a shape is in 
particular optimal if the prosthesis is used as an artificial intervertebral disc, because 
the shape of the natural intervertebral disc is thus imitated. The shape of the core 
can be adapted according to the application in question. 
In an embodiment in which the present core has the shape of a flattened sphere, 
anisotropic swelling of the core may occur, although the inventors do not wish to be 
bound by this theory. An increase in the size of the envelope is nearly impossible, 
but its shape can become rounder. A sphere has a higher volume/area ratio than a 
flat shape, so it is likely that the present prosthesis will exhibit relatively more axial 
swelling. This can also be advantageous in preventing the prosthesis from bulging 
out at the edges of the vertebrae. 
In another embodiment, the present core has the shape of the natural intervertebral 
disc, i.e. one side is thicker than the other side (a so-called wedge shape). 
Furthermore, the present prosthesis, and thus the core and the part that may be less 
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flexible, may be kidney-shaped, for example when used as a prosthesis for a lumbar 
intervertebral disc. The core might be shaped to follow the shape of the vertebra. 
It is preferable if a less flexible part is present on one side or on both sides of the 
core. The advantage of this is that the prosthesis can be secured in the body by 
means of said less flexible part, for example to one or two vertebrae, between which 
the prosthesis is placed as an artificial intervertebral disc. 
To ensure a good adhesion of the vertebrae to one or both sides of the prosthesis 
according to the invention used as an artificial intervertebral disc, it is preferable if 
the less flexible part is provided on at least one of the bottom side and/or the upper 
side of the core. 
More in particular, the less flexible part serves as a so-called end plate. Such end 
plates are used for attaching the prosthesis to the surfaces of the vertebrae that face 
the intervertebral disc, so as to prevent the prosthesis from being displaced in the 
body upon being loaded. In one embodiment, such end plates are thin flexible plates, 
which are less flexible than the core, however. 
After implantation, the thin flexible plates are pressed onto the adjacent bone under 
the pressure of the swollen or swelling core. The flexible plates are flexible enough to 
be able to practically follow the contours of the adjacent bone under said pressure. 
Since the flexible plates can assume the contours of the bone, the prosthesis is 
properly clamped between the adjacent bone parts. As a result, the risk of the 
prosthesis shifting relative to the adjacent vertebrae is small, if not altogether absent, 
which is necessary in order to realize a properly functioning prosthesis. Furthermore, 
said clamping fixation is advantageous because the good bone-prosthesis contact 
leads to a more proportional distribution of the forces over the bone when subjected 
to loads. This reduces the risk of damage or excessive wear on the bone and/or the 
prosthesis. 
Such an end plate is provided in the woven envelope, as a result of which the woven 
envelope surrounds the gel material of the core as well as one or more end plates. As 
a result, a good bond between the end plates and the core material is obtained so as 
to prevent the end plate from becoming detached from the core material. Preferably, 
a flexible end plate is used. 
Since the end plates are located within the envelope, a good and simple bond 
between the core and the end plate, a quick initial fixation can be realized without 
any contact area between envelope and bone being lost, so that a maximum area for 
bone ingrowth remains ensured as well. 
In one embodiment of the present invention, a woven layer is first applied around a 
hydrogel core. Then a tubular woven material having a closed end is arranged around 
the core. Subsequently, a less flexible part, for example in the form of an end plate, 
having a central opening is moved over the tubular woven material. The tubular 
woven material is folded back so as to enclose the end plate in this way. 
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In one embodiment of the present invention, a tubular woven material having a 
closed-end is first arranged around the core. The tubular woven material is turned 
about its longitudinal axis and folded back. Then a less flexible part, for example in 
the form of an end plate, having a central opening is slid over the tubular woven 
material. The tubular woven material is folded back so as to enclose the end plate in 
this way. 
If the less flexible parts have been arranged between two woven layers of the 
envelope, it is also possible, therefore, to use annular, less flexible parts provided 
with a central opening. Such an annular part (which part may also be kidney-shaped 
or oval with a central opening) is thus arranged on the second layer, whereupon the 
second woven layer is folded back through the opening of the annulus and possibly, 
after being folded back, attached to the second layer. As a result, the less flexible part 
is fixed in position in the prosthesis in that the second conveyor encloses the annulus 
in its entirety. Furthermore, a second less flexible part may be attached to the other 
side of the prosthesis in the same manner. In this case the folded-back part formed 
after the provision of the first flexible part is pulled through to the opposite side of 
the prosthesis. Then the second less flexible part is arranged on the folded-back part 
on the opposite side, whereupon the folded-back part is folded back through the 
central opening of the second part again. Subsequently the folded-back part can be 
attached to an underlying layer. 
In a preferred embodiment of the present prosthesis, the envelope is provided with 
attachment materials. Said attachment materials may consist of a grid of metal or a 
plate provided with pins. Such attachment materials can be used in addition to or 
instead of end plates for securing the prosthesis in the body, for example to the 
vertebrae or other joints in which the prosthesis is implanted. 
Attaching any connecting elements or attachment materials that may be present in 
the woven envelope is easier and more reliable than in a wrapped structure according 
to the prior art. A winding can shift relative to the other windings, and a connecting 
element can shift more easily along a winding. The consequence of this is that the 
risk of migration of the present prosthesis is reduced in comparison with prostheses 
implanted according to the prior art. 
Preferably, the attachment materials comprise metal, and in particular, they are made 
up of metal parts, for example of titanium or stainless steel. Such metal parts may be 
provided with a coating, if desired, such as a hydroxyapatite coating, which 
stimulates bone adhesion and bone growth. The use of metal leads to a very strong 
and durable bond, which will remain intact also under a load. 
In a preferred embodiment of the present invention, the fibers may be provided with 
a coating, if desired, such as a hydroxyapatite coating, which stimulates bone 
adhesion and bone growth. Said coating is preferably applied only to the fiber parts 
that come into contact with the bone. 
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In a preferred embodiment, the attachment materials are selected from the group 
consisting of beads, clamps and nails and combinations thereof, which can be 
provided in or through the woven envelope and which can be attached to or inserted 
into the surface of, for example, the joint or the vertebra to which the prosthesis is 
to be attached. Said insertion into the adjacent bone material can also take place 
smoothly on account of the swelling force of the present prosthesis. If the present 
prosthesis, provided with a woven envelope provided with attachment materials, is 
implanted in the joint in partially or fully dehydrated condition, absorption of water 
will cause the prosthesis to swell in the body. As a result of said swelling pressure, 
the attachment materials, for example nails, will be forced into the adjacent bone 
material so as to realize a bonding attachment of the prosthesis thereto. 
Such attachment materials can be provided both during the production of the woven 
envelope and after production, on the already completed prosthesis. 
In the former case, beads and/or clamps, for example, are incorporated upon 
weaving, knitting, spool knitting, knotting, braiding, bobbin-lacing and the like. The 
advantage of this is that the attachment materials are integrated in the envelope and 
are thus undetachably connected to the woven envelope and to the prosthesis, 
therefore. 
In the latter case, nails, for example, are provided through the already produced 
woven envelope. The advantage of this is that the woven envelope can be produced 
in a simpler manner, without using the nails, and that the nails are forced into the 
bone upon hydration of the core.  
The selection of one of the two above techniques will depend on the individual 
circumstances. 
The present invention further relates to a method wherein a core consisting of a gel 
material is provided with an envelope, characterized in that a woven envelope is 
provided. 
The advantage of such a method is that the prosthesis obtained in this manner 
exhibits excellent properties as regards durability, implantability, fatigue properties 
and not bulging out. 
Preferably, the woven envelope is produced separately from the core, after which the 
core is transferred to the envelope. The envelope is thus made by, for example, 
weaving, knitting or spool knitting, with the core being placed into the envelope thus 
formed, after which the envelope is closed. 
In another preferred embodiment, the woven envelope is arranged around the core 
in situ. In this embodiment, the envelope is thus knitted, woven or spool-knitted 
around the core, for example, or the core is placed into the envelope halfway during 
said knitting, weaving or spool-knitting, after which the envelope is completed. In 
general, this makes it possible to realize a better fit between the core and the 
envelope. 
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In particular, the hydrogel is conditioned to a partially or completely dehydrated, or, 
in other words, not completely swollen state prior to being placed into the woven 
envelope. The advantage of this is that the partially or completely dehydrated 
hydrogel is less voluminous than the fully hydrated hydrogel and can thus be 
surgically implanted more easily, with minimal stretching of the ligaments and thus 
less complications after surgery and a less long rehabilitation period. The woven 
envelope is provided with a proper fit around the core of said partially or completely 
dehydrated or, in other words, not completely swollen hydrogel. 
After implantation, absorption of the water present in the body will cause the 
hydrogel to hydrate and assume its final, fully hydrated form. In this fully hydrated 
form, it is preferable if the woven envelope is arranged around the hydrogel with a 
precise fit and is under tension so as to ensure an optimum strength, preferably 
assuming the shape of the cavity between the vertebra so as to obtain an optimum 
abutment with the vertebra. The present invention makes this possible because the 
hydrogel only hydrates after being implanted. In order to ensure that the woven 
envelope will fit around the hydrogel, it is preferable to check the size of the woven 
envelope in this saline solution, which corresponds to the bodily fluid at the 
implantation site as regards molarity. 
The present invention also relates to the use of the present prosthesis in replacing an 
intervertebral disc. Both the nucleus and the entire or partial annulus are removed in 
that case and replaced by the present prosthesis. 
The present invention also relates to the use of the present prosthesis in replacing a 
nucleus of an intervertebral disc. In that case the nucleus is only removed from the 
annulus, and the present prosthesis is inserted into the remaining annulus. 
Another application of the present prosthesis is the replacement of a meniscus in the 
knee. 
The applications of the present invention are not limited to this, however; other 
applications are also possible, for example the replacement of cartilaginous tissue in 
general. 
Further preferred embodiments of the present invention are defined in the claims. 
The preferences regarding the prosthesis also apply to the method, and vice versa. 
The present invention will be explained in more detail hereinafter by means of a 
number of non-limitative examples. In the examples, three variables are used, viz. 1) 
the composition of the core material (silicone rubber or hydrogel material), 2) the 
traction resistance or non-traction resistance of the fibers used for the envelope, and 
3) the manner in which the envelope is provided (wrapped or woven envelope). 
The core material of the present invention is a gel material, preferably a hydrogel. In 
addition to that another, non-gel material, viz. silicone rubber is mentioned in the 
comparative examples. 
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In the comparative examples and the examples traction resistant or non-traction 
resistant fibers are used; the meaning of which terms has been described in the 
foregoing. The last variable relates to the way in which the envelope is made, viz. 
whether it is a woven envelope or a wrapped envelope. In the case of a woven 
envelope, a distinction is made in the examples between a woven envelope and a 
knitted envelope. 
Comparative Example 1 
A core of a hydrogel is wrapped in non-traction resistant fibers. This prosthesis is 
subjected to a number of tests, the results of which are shown in the table below. 
Comparative Example 2 
A core of a silicone rubber material is wrapped in non-traction resistant fibers. This 
prosthesis is subjected to a number of tests, the results of which are shown in the 
table below. 
Comparative Example 3 
A core of a hydrogel is enclosed in a woven envelope of non-traction resistant fibers. 
This prosthesis is subjected to a number of tests, the results of which are shown in 
the table below. 
Comparative Example 4 
A core of a silicone rubber material is enclosed in a woven envelope of non-traction 
resistant fibers. This prosthesis is subjected to a number of tests, the results of which 
are shown in the table below. 
Comparative Example 5 
A core of a hydrogel is wrapped in traction resistant fibers. This prosthesis is 
subjected to a number of tests, the results of which are shown in the table below. 
Comparative Example 6 
A core of a silicone rubber material is wrapped in traction resistant fibers. This 
prosthesis is subjected to a number of tests, the results of which are shown in the 
table below. 
Comparative Example 7 
A core of a silicone rubber material is enclosed in a woven envelope of traction 
resistant fibers. This prosthesis is subjected to a number of tests, the results of which 
are shown in the table below. 
Example 1 
A core of a hydrogel is enclosed in a woven envelope of traction resistant fibers. 
This prosthesis is subjected to a number of tests, the results of which are shown in 
the table below. 
Example 2  
A core of a hydrogel is enclosed in a knitted envelope of traction resistant fibers. 
This prosthesis is subjected to a number of tests, the results of which are shown in 
the table below. 
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Comparative Example 3 
The core consists of an ionized hydrogel. Four layers of Gore Preclude® (Gore 
Medical, USA) are arranged over said core, over which layers in turn a three-layer 
woven envelope is arranged. The woven envelope is a knitted envelope ("jacket") of 
Dyneema® fibers (DSM, Netherlands) having a pore size of less than 1 mm.  
To produce the hydrogel, a gel mixture is first made of hydroxyethyl methacrylate 
(HEMA), sodium methacrylate (NaMA), distilled water, polyethylene 
glycoldimethachylate 550Mn (PEG2Ma cross-linker), and 2,2'-azobis-(2-
methylpropion-amidine)-dihydrochloride (polymerization initiation agent). In mol 
proportions, the composition of the gel is HEMA (18 mol), NaMA (2 mol), H2O 
(79.93 mol), - (0.04 mol), polymerization initiation agent (0.03 mol).   
The mixture is prepared as follows. First NaMa is added to a measured amount of 
water and dissolved by stirring. Following that, HEMA, cross-linker and 
polymerization initiation agent are added in steps, with stirring taking place after 
every addition. After the last addition, the entire mixture is stirred for one hour. 
A pre-formed foam piece is placed in a cylindrical mold of 30 x 5 mm. The mixture 
is drawn into the mold, and thus into the pre-formed foam piece, by means of a 
vacuum. The mold is then placed in a water bath of 45 °C. In this way the gel is 
polymerized for one night. The polymerized gel is placed in a concentrated saline 
solution, so that monomers that remain are flushed and the gel is reduced in size as 
much as possible as a result of the saline solution drawing water from the gel 
through osmotic action. 
The core of the present prosthesis is now formed by folding the membrane having a 
dimension of 12x12 cm over the gel in zigzag fashion, so that the gel is surrounded 
by four layers of membrane on all sides. Around this, the envelope, which has been 
knitted like a stocking, is applied by pulling the envelope over the core and turning 
the open side so that the open side is closed. The rest of the stocking is now folded 
back and arranged around the core again. This procedure is carried out once again 
and the last end is sewn closed with Dyneema® fiber. Stiffness is imparted to the 
prosthesis by placing it as a whole in a hypotonic saline solution, as a result of which 
the hydrogel will swell through osmotic absorption of water and the envelope will 
come under tension. 
Tests 
The following tests were carried out with the Comparative Examples  and Example 1 
and 2 and indicate to what extent the prosthesis have the required properties. The 
results of the tests are shown in Table A1.  
A) The term "fatigue resistance" indicates to what extent the prosthesis is resistant to 
a large number of loads, and thus what will be the useful life of a prosthesis. 
B) The term "ease of implantation" is understood to mean the simplicity with which 
the artificial intervertebral disc can be implanted by a surgeon during surgery. This 
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characteristic depends on the size, the flexibility, the envelope and the swelling 
capacity of the prosthesis, among other factors.  
C) The term "swelling capacity" is understood to mean the ability of the prosthesis to 
build up a high internal pressure on account of the water-absorption capacity of the 
core on the one hand and the stiffness of the envelope on the other hand. 
D) The term "not bulging out" indicates the extent to which the core material will 
remain in the envelope upon being subjected to a load. 
E) The term "abrasion properties" refers to the extent of wear caused by fibers 
rubbing along each other; a low extent of wear results in a high score as regards 
abrasion properties. 
F) The term "bone adhesion" is understood to mean the ease and extent of adhesion 
of bone to the prosthesis in the body. 
From Table A1 it also appears (see Comparative Example 5 and Comparative 
Example 1, for example) that the use of a woven envelop leads to improvements as 
regards bulging out and durability in comparison with a wrapped envelope.  
From the above table it moreover appears (see for example Comparative Example 3 
and Example 1) that the use of traction resistant fibers leads to improvements as 
regards fatigue and to abrasion properties in comparison with non-traction resistant 
fibers. 
From the above table it appears (see Example 1 and Example 2) that the use of a 
knitted envelope provides better results as regards not bulging out and abrasion 
properties than the use of a woven envelope. An explanation for this might be that 
only one yarn is used in knitting while several yarns are used in weaving. 
From the table it thus appears that a combination of aspects of the use of i) a gel 
material for the core part, ii) a woven material for the core envelope, and iii) a 
traction resistant fiber for the woven envelope in particular provides excellent 
properties as regards fatigue resistance, ease of implantation, swelling capacity, 
abrasion properties and not bulging out for the prosthesis according to the present 
invention. 
The prosthesis according to Example 3 was tested under static and dynamic loads. 
Prior to said testing, the prosthesis, being in a dry state, was placed in a 0.15M NaCl 
water bath of 37 °C to allow swelling under a load of 200N, an average load of a 
person in a reclined resting (sleeping) position. For the static test, a prosthesis was 
compressed ten times to 15 kN, a load far in excess of the maximum load in the 
human body (viz. about 8 kN). The static load results are shown in Figure A1. No 
damage to the prosthesis was observed. Any failure of the prosthesis is defined in a 
diagram as an abrupt force decrease at the same amount of stretch. This is not 
observed and thus failure does not occur. 
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The prosthesis according to Example 3 was also subjected to a fatigue test (858 Mini 
Bionic II Test Systems MTS Systems Corporation, USA). During this test, the 
prosthesis was dynamically loaded with a load of 600 - 6000 N at a frequency of 10 
Hz until failure or to a maximum of 10 million cycles. Because of the swelling and 
creep properties of the prosthesis, the prosthesis was loaded dynamically for 16 
hours every day and statically, at 200 N, for 8 hours every day to allow recovery of 
the water content and to imitate the behavior of an intervertebral disc in a body.  
After the 10 million cycles, the prosthesis could swell again under a load of 200N. 
 

 
Figure A1 The force-thickness relation during static loading of a sample prosthesis. 

 

 
Figure A2 The thickness of a sample prosthesis during a fatigue test. 
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Failure is defined as a decrease of at least 10% in the thickness of the prosthesis at 
the end of the compression or recovery phase (minimum and maximum thickness 
during the test) in relation to the comparable moment the previous day. Figure A2, 
in which the thickness of the prosthesis is plotted against time, exhibits a decrease in 
the thickness of the prosthesis during the 16 hour compression phase and a recovery 
of the thickness during the recovery phase. After 10 million cycles, no damage to the 
prosthesis and no significant change in the dynamic behavior of the prosthesis was 
observed.  
 

 
Figure A3 Force-thickness relation of present prosthesis under dynamic loading with different frequencies. 

 
The influence of the frequency on the dynamic behavior was also examined. The 
prosthesis according to Example 3 was to that end first subjected to a static load at 
1100 N, at which creep took place. After equilibrium, the prosthesis was loaded 
between 0 - 2000 N at different frequencies. From Figure A3 it can be derived that 
the present prosthesis exhibits typical viscoelastic behavior. When the frequency 
increases, the viscous part becomes relatively smaller and the prosthesis starts to 
behave more elastically. During creep, water is squeezed out and the stiffness 
increases, as can be derived from Figure A4. Furthermore, the stiffness during creep 
under 1300 N was measured.  
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The prosthesis according to Example 3 was to that end dynamically loaded between 
600 - 2000 N, at a frequency of 1 Hz, every hour during static load conditions under 
1300 N. Figure A4 shows that the thickness decreases during creep as a result of the 
outflow of water, and that the stiffness increases. Precisely as is the case with the 
intervertebral disc, the axial stiffness increases when the water content decreases. 
 

 
Figure A4 The creep behavior under a load of 1300 N of a prosthesis according to the present invention 

 
The above results demonstrate that the present prosthesis exhibits behavior 
comparable to that of the natural intervertebral disc and show that the prosthesis is 
strong and durable, so that one or more of the above objects of the present 
invention are thus accomplished. The stiffness of the prosthesis of Example 3 is in 
the order of 1-20 kN, which corresponds to the order of stiffness of the natural 
intervertebral disc, taking into account the relatively high load and small sizes that 
were used. The stiffness can also be compared to the hydrogel in itself, i.e. without 
envelope, when the gel can swell maximally. The modulus is 0.3 MPa and was 
measured by carrying out compression experiments in the same saline solution of 
0.15 M. This means that by using an envelope as in this example, the stiffness of the 
entire prosthesis is at least a factor of 10 higher than when only a hydrogel is used. 
The above static and dynamic tests demonstrate that the present prosthesis exhibits 
the same behavior as the natural intervertebral disc and shows that the prosthesis is 
strong and durable, so that one or more of the above objects of the present 
invention are thus accomplished. 
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CLAIMS 
1. A prosthesis comprising a core of a gel material and a fiber envelope which 
surrounds the core, characterized in that the fiber envelope consists of a woven 
material. 
2. A prosthesis according to claim 1, characterized in that the fiber envelope 
comprises traction-resistant fibers. 
3. A prosthesis according to claim 2, characterized in that the traction-resistant 
fibers have a tensile strength of at least 1 GPa, preferably at least 10 GPa. 
4. A prosthesis according to one or more of the preceding claims, 
characterized in that the envelope comprises at least one layer, preferably at least two 
or more layers. 
5. A prosthesis according to claim 4, characterized in that said at least two 
layers are connected. 
6. A prosthesis according to one or more of the preceding claims, 
characterized in that the envelope is knitted or knotted, preferably knitted. 
7. A prosthesis according to one or more of the preceding claims, 
characterized in that the envelope has a mesh size of at most 1 mm². 
8. A prosthesis according to one or more of claims 6-7, characterized in that 
the knitted envelope has a stich density of at least 10 stitches per inch (4 stitches per 
cm), preferably at least 20 stitches per inch (8 stitches per centimeter). 
9. A prosthesis according to one or more of the preceding claims, 
characterized in that the fiber envelope comprises polyethylene fibers. 
10. A prosthesis according to one or more of the preceding claims, 
characterized in that the gel material is a hydrogel, preferably a fiber-reinforced 
hydrogel. 
11. A prosthesis according to claim 10, characterized in that the hydrogel is 
reinforced with fibers having a tensile strength of at most 1 GPa. 
12. A prosthesis according to one or more of claims 10-11, characterized in that 
the hydrogel is reinforced with an amount of fibers of at least 5%, based on the 
weight of the hydrogel. 
13. A prosthesis according to one or more of the preceding claims, 
characterized in that a protective layer is present between the core and the envelope, 
which layer envelopes the core entirely or partially and which is preferably a 
membrane or a film. 
14. A prosthesis according to claim 13, characterized in that the protective layer 
has pores having a pore size ranging between 1 nm and 100 μm. 
15. A prosthesis according to one or more of the preceding claims, 
characterized in that the core is made up of a flexible part and a less flexible part, 
with the core preferably having the shape of a flattened body with a flat upper side 



 

138 

 Development of a biomimetic AID

and bottom side, whilst a less flexible part is disposed in particular on one or on both 
sides of the core. 
16. A prosthesis according to claim 15, characterized in that the less flexible part 
is annular in shape and is provided with a central opening.  
17. A prosthesis according to one or more of the preceding claims, 
characterized in that the envelope is provided with attachment materials preferably 
made of a metal, in particular selected from the group consisting of beads, clamps 
and nails, on the side that faces away from the core. 
18. A prosthesis according to one or more of the preceding claims, wherein the 
stiffness of the prosthesis depends on the swelling pressure in the prosthesis, which 
is obtained by the balance between the swelling of the gel and the stiffness of the 
woven envelope, so that the fibers are pre-stressed and the amount of swelling is 
restricted. 
19. A prosthesis according to one or more of the preceding claims, 
characterized in that the less flexible part is disposed between two layers or between 
a layer and the core. 
20. A method for manufacturing a prosthesis according to one or more of 
claims 1 - 19, wherein a core consisting of a gel material is provided with an 
envelope, characterized in that a woven envelope is provided. 
21. A method according to claim 20, wherein the woven envelope is produced 
separately from the core, after which the core is transferred thereto. 
22. A method according to claim 19, wherein the woven envelope is arranged 
around the core in situ. 
23. A method according to one or more of claims 21-22, characterized in that 
hydrogel is used as the gel material, which hydrogel is preferably placed in the 
envelope in a completely or partially dehydrated state. 
24. Use of a prosthesis according to one or more of claims 1-19 or obtained by 
using a method according to one or more of claims 20-23 for replacing an entire 
intervertebral disc, a nucleus of an intervertebral disc or a meniscus. 
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Samenvatting 
Ontwikkeling van een biomimetische kunsttussenwervelschijf 
Het compleet vervangen van een gedegenereerde tussenwervelschijf (TWS) door een 
prothese is een mogelijke behandeling voor ernstige rugklachten. Huidige prothesen 
zijn kogelgewrichten, ontworpen om beweeglijkheid van de rug te handhaven. De 
klinische resultaten van deze prothesen zijn redelijk, althans op de korte termijn. 
Verschillende zorgpunten blijven echter bestaan, zoals veranderingen in de 
bewegingsmogelijkheden van de rug, overbelasting van de facetgewrichten, versnelde 
slijtage van de naastgelegen TWS en slijtage van de prothese zelf. In tegenstelling tot 
deze kogelgewrichten is de TWS een gewricht met een complexe structuur, met een 
inherente weerstand tegen beweging, dat resulteert in een karakteristieke s-vormige 
bewegingscurve in flexie-extensie en laterale buiging. 
Verschillende nieuwe prothesen zijn ontwikkeld, met een andere benadering dan het 
kogelgewricht. Deze tweede generatie concepten integreren een aantal belangrijke 
eigenschappen van de natuurlijke TWS in het ontwerp. In dit proefschrift wordt een 
nieuwe biomimetische kunsttussenwervelschijf geïntroduceerd, waarin de 
vezelversterkte, osmotische, visco-elastische, en deformatie-eigenschappen van de 
natuurlijke TWS zijn verwerkt. Dit concept is gebaseerd op de hypothese dat hoe 
beter de structuur van de TWS wordt nagemaakt, hoe beter ook zijn functie wordt 
gekopieerd. Het biomimetische ontwerp bestaat uit een zwellende, geïoniseerde 
hydrogelkern (de nucleus) en een omhullend jasje van vezels (de annulus). 
Een eerste prototype van de biomimetische TWS prothese is getest in-vitro, in axiale 
compressie. De prothese bleef intact in quasi-statische compressie tot 15kN en 
doorstond 10 miljoen cycli vermoeiingsbelasting. Deze resultaten illustreerden dat 
het ontwerp mechanisch sterk en veilig is. Het axiale deformatiegedrag was ook 
vergelijkbaar met het gedrag van een natuurlijk TWS onder kruipbelasting en 
dynamische belasting en werd beïnvloed door de vermoeiingsbelasting. De 
veranderingen in het gedrag door vermoeiing werden waarschijnlijk veroorzaakt door 
het zetten van het vezeljasje. Dit effect moet worden meegenomen in de verdere 
ontwikkeling van het protheseontwerp. 
Het biomimetische ontwerp is vergeleken met andere protheseconcepten door 
middel van een eindige-elementenanalyse. Voor vier concepten is gesimuleerd in 
welke mate zij de niet-lineaire bewegingspatronen van de natuurlijke TWS konden 
reproduceren. Het ging om twee elastomeerontwerpen, een ontwerp met een 
elastomeerkern en een vezeljasje, en een ontwerp bestaande uit een hydrogelkern en 
een vezeljasje. De materiaaleigenschappen van de ontwerpen waren geoptimaliseerd 
via een computer-algoritme, zodat het gedrag van de natuurlijke TWS zo goed 
mogelijk werd gereproduceerd. Uit de resultaten bleek dat een vezeljasje noodzakelijk 



 

140 

 Development of a biomimetic AID

is om de niet-lineaire relatie tussen moment en deformatie te reproduceren. Er werd 
geen verschil gevonden tussen de twee ontwerpen met een vezeljasje. Echter, uit de 
in-vitro experimenten waren de voordelen van een hydrogel ten opzichte van een 
elastomeer al duidelijk geworden. Een hydrogelkern voorziet namelijk in osmotisch 
eigenschappen, kruipgedrag, en tijdsafhankelijk gedrag, karakteristiek voor de TWS. 
Ook biedt een hydrogel de mogelijkheid om de prothese in kleinere gedehydrateerde 
vorm in te brengen, wat een minder invasieve implantatie mogelijk kan maken. 
Het laatste deel van dit proefschrift was gericht op de fixatie van het biomimetische 
ontwerp aan de wervels. In een bestaand eindige-elementenmodel van een 
bewegingssegment werd de TWS vervangen door een model van het biomimetische 
ontwerp. Het effect van verschillende fixatiemethoden op het gedrag van het 
bewegingssegment was onderzocht. Het model met de prothese reproduceerde 
dezelfde moment-hoekcurven als het model met de TWS en kwam ook goed 
overeen met het in-vivo gedrag van de TWS. Dit bevestigde dat het biomimetische 
concept bruikbaar is als prothese. Wanneer fixatie door botingroei werd gesimuleerd, 
veroorzaakte niet complete ingroei een toename in de bewegingshoek en in de 
facetkrachten. Wanneer echter alleen de prothese door botingroei aan de perifere 
rand van de wervel werd gefixeerd, werd het gewenste bewegingsgedrag wel 
behouden. Dit toont de noodzakelijke rol aan van deze perifere botfixatie voor de 
functie van de biomimetische prothese. Extra fixatie door pinnen, verbeterde het 
bewegingsgedrag en zou een goede korte-termijn oplossing kunnen zijn totdat 
voldoende botingroei optreedt voor een optimaal lange-termijn resultaat. Een ander 
alternatief voor fixatie zijn starre eindplaten, waardoor, in de simulaties, de beweging 
ook werd behouden. Echter, zorgpunten bij gebruik van starre eindplaten in verband 
met niet-correcte belastingoverdracht naar de wervels, maken dat een ringvormige 
eindplaat de voorkeur geniet boven een starre eindplaat. 
Samengevat is in dit proefschrift een nieuw biomimetisch protheseontwerp 
gepresenteerd, met goede sterkte en vermoeiingseigenschappen en met kruip- en 
dynamisch gedrag dat goed overeenkomt met de natuurlijke tussenwervelschijf. Uit 
numerieke simulaties van het bewegingsgedrag van verschillende ontwerpen bleek 
dat een vezeljasje een essentieel element is om het karakteristieke niet-lineaire gedrag 
van de tussenwervelschijf te kunnen reproduceren. Ook is gebleken dat fixatie aan de 
wervels een zeer essentieel element is waar toekomstig onderzoek zich op moet 
richten. In de volgende ontwikkelstappen zijn het uitwerken van de fixatiemethode, 
het optimaliseren van de prothese-eigenschappen, en het standaardiseren van de 
productiemethode zeer belangrijk, als mede het in-vitro testen van het mechanisch 
gedrag in alle zes graden van vrijheid. Parallel hieraan moeten dierexperimenten 
uitgevoerd woerden om de fixatie door botingroei te testen in-vitro en in-vivo. 
  



 

141 

 Dankwoord 

Dankwoord 
Na bijna zes jaar is het zover, mijn onderzoek is klaar en mijn proefschrift is een feit. 
Ik kan wel zeggen dat ik een tijdperk kan afsluiten, blij en dankbaar dat het gelukt is. 
Inhoudelijk heb ik veel geleerd, maar zeker nog wel meer als mens. Uiteraard was dit 
nooit alleen gelukt en wil ik een heel aantal mensen bedanken. Echter, allereerst wil 
ik God danken, die mij de capaciteit heeft gegeven om aan een promotie te beginnen 
en die in alle jaren mij heeft gesteund en geleid. Voor velen zijn God en wetenschap 
onverenigbaar, voor mij zijn ze niet los te koppelen. Ik ben Hem ook dankbaar voor 
alle mensen die op mijn pad zijn gekomen en waar ik zoveel van heb geleerd. 
Allereerst natuurlijk Jacques, dank je wel dat je mij de kans hebt gegeven om aan dit 
onderzoek te werken. Protheses interesseerde me al langer en nu kon ik er 
daadwerkelijk een onderzoeken en zien wat er allemaal komt kijken bij medische 
productontwikkeling. Dank je wel voor deze kans en dank je wel dat je deur altijd 
openstond, voor advies, maar ook als het niet zo lekker liep. Dank je wel voor je 
altijd positieve houding en dat je in mij bleef geloven.  
Keita, jouw medisch-technische orthopedische achtergrond heeft dit onderzoek de 
juiste richting gegeven en de structuur die het nodig had. Bedankt voor je open, 
kritische, maar altijd opbouwende vragen en voor je opbouwende gesprekken. Ik heb 
veel van je geleerd, dank je wel. 
Wouter, jij kwam voor mijn gevoel precies op tijd weer terug op de TU/e. Jij maakte 
dat het numerieke werk ook allemaal ging lopen. Dank je wel voor je tijd, inzet en 
bovenal je vriendschap, die ik erg waardeer. 
Een aantal mensen heeft mijn experimentele werk een stuk eenvoudiger gemaakt. 
Rob, bedankt voor alle tijd en moeite die je stopte in het maken, veranderen of 
repareren van mijn experimentele tools. Leon en Tom, bedankt voor alle uitleg en 
hulp bij de MTS, zonder jullie ervaring was dat niet gelukt.  
Gerard, Gabor en Vera, dank jullie wel voor alle tijd en moeite die jullie hebben 
gestoken in de aanvraag van het patent en alle gerelateerde vragen. 
Ook de mensen van DSM waarmee samengewerkt is wil ik bedanken. Claudia en in 
het bijzonder Karlien, bedankt voor alle hulp en de goede samenwerking.  
Jerome, dank je wel voor het gebruik mogen maken van je model, voor de 
experimentele data en voor de maildiscussies daarover. 
Gert, dank je wel voor het kritisch meedenken over het ontwerp aan het begin van 
mijn AIO periode. Sylvia, bedankt voor de eerste stappen die jij al had gemaakt in de 
ontwikkeling van de prothese, dat was een mooie opstap. 
Yvonne en Femke, toen ik begon aan mijn onderzoek waren jullie mijn spine-
buddies. Bedankt voor jullie gezelligheid, hulp en natuurlijk goede koffiegesprekken. 
Yvonne, jij ook extra bedankt voor de steun toen het echt niet lekker liep.  



 

142 

 Development of a biomimetic AID

Veronique, bedankt voor de goede en gezellige samenwerking van de afgelopen 
jaren. Modelleren kan soms wat frustrerend zijn en dan is overleggen wel zo fijn. 
Francesco, jij ook bedankt voor alle hulp, met name ook voor je filmkwaliteiten. 
Uiteraard wil ik ook alle anderen van onze groep orthopedische biomechanica 
bedanken voor de goede en gezellige jaren, de pizza-momenten, weekendjes etc. 
Janneke, jou wil ik speciaal ook bedanken voor je inzet en moeite van de laatste tijd. 
In de afgelopen jaren heb ik ook met heel wat mensen een kantoor gedeeld, altijd 
gezellig. Rudy, Gwen en Erica, samen zijn we de laatste loodjes doorgekomen, 
bedankt. Bart, Rene, Lars, Juan Carlos, en alle anderen, dank jullie wel! 
Bas, squash en koffie, dat zegt het wel een beetje he? Bedankt voor je gezelligheid en 
vriendschap en je vrije uren die je toch weer richting TU brachten. Susanne, we 
waren en zijn weer collega’s. Hoogste tijd om wat vaker onze gezellige koffieuren 
van de TU te herhalen. Bedankt voor de gezelligheid, AIO-talk en vriendschap. 
Ingrid en Mirjam, na onze jaren bij de Europese week, ook samen een 
promotietraject doorlopen. Het was goed en gezellig af en toe bij te kletsen. 
Ik vergeet natuurlijk een hele hoop mensen, maar alle Mate collega’s, bedankt voor 
alle jaren en goed tijd. Ook wil ik mijn nieuwe Philips collega’s bedanken en speciaal 
Ruud en Ger voor de flexibiliteit, zodat ik dit proefschrift af kon ronden 
Lieve pa en ma, dankzij jullie kon ik gaan studeren en kon ik daardoor ook mijn 
onderzoek gaan doen. Bedankt voor de steun en het meeleven al die jaren. Aad en 
Lidy, bedankt voor het meeleven en de gebeden. Rob en Saskia, jullie ook bedankt 
voor alle steun en meeleven. Lieve familie, bedankt voor de interesse. Ik hoop echt 
van harte dat vanaf nu onze bezoekjes aan jullie weer wat frequenter zullen worden. 
Egbert, jij als een van mijn beste vrienden en mede AIO wist precies wat het 
promoveren inhoud. Bedankt voor je steun en zeer gewaardeerde vriendschap. Rik 
en Ingrid, Kaby en Theo, Benno en Rooske en andere lieve vrienden, ook bij jullie 
zijn de afgelopen periode de geregelde bezoeken er behoorlijk bij ingeschoten. Tijd 
om dat in te halen. Bedankt voor jullie vriendschap. Wilfred en Robert, broeders, 
dank jullie wel voor het meeleven en meebidden van de afgelopen periode, ik hoop 
dat we dat nog lang mogen blijven doen. 
Lieve Eline, mijn lieve vrouw, jij verdient speciale dank. Sinds we elkaar kennen ben 
ik altijd bezig geweest op de TU/e, eerst afstuderen, daarna mijn promotie. Dank je 
wel dat je blij was als het goed ging en dat je me altijd steunde, ook in de typische 
AIO dips. Jij bent mijn beste vriendin, maatje en geliefde. Er is een hoop gebeurd in 
zes jaar. Ik ben God dankbaar dat we konden trouwen en twee prachtige zoons 
mochten krijgen. Dank je wel dat je er altijd was, ik hou van je. En ik hoop dat na de 
afgelopen drukke jaren we echt een rustigere tijd krijgen, je hebt het verdiend. Lieve 
Boaz en Joël, het duurt nog wel even voor jullie hier iets van begrijpen, maar papa is 
blij dat hij weer meer tijd voor jullie zal hebben. Ik hou van jullie.  
 



 

143 

 Curriculum vitae 

Curriculum vitae 
Peter van den Broek was born on February 9th, 1981 in Rhenen. After finishing high 
school (VWO) in 1999, at the Ichthus College in Veenendaal, The Netherlands, he 
studied Biomedical Engineering at the Eindhoven University of Technology, the 
Netherlands. During his studies, he did an internship at the University of Kuopio, 
Finland, where he performed mechanical and structural characterization experiments 
on bovine tibial cartilage. In 2006, he graduated within the group of Orthopaedic 
Biomechanics on the remodeling of bone below the cartilage of the tibia plateau. In 
2002/2003 he was a board member, and vice-president of the European Week 
Eindhoven, a European student conference. In September 2006 he started a PhD 
project at the Eindhoven University of Technology, of which the results are 
presented in this dissertation. In 2011 he won a prize for best poster presentation at 
the Biomedica Summit, Eindhoven. Since October 2011 he is employed at Philips 
Research, Eindhoven as a research scientist. 
  



 

144 

 Development of a biomimetic AID

 



 

145 

 Publications 

Publications 
P.R. van den Broek, J.M. Huyghe, S. Wognum, G. Nijenbanning, Prosthesis comprising 
a core of a gel material with a woven envelope and a method for producing the same and use thereof’, 
International application number WO2010/008285, Priority date 18 July 2008. 
 
 
P.R. van den Broek, J.M. Huyghe, and K. Ito, Biomechanical behavior of a biomimetic 
artificial intervertebral disc, Spine, 2012, 37(6):E367-73. 
 
 
P.R. van den Broek, J.M. Huyghe, W. Wilson, and K. Ito, Design of next generation total 
disk replacements, J Biomech,. 2012;45(1):134-40  
 
 
P.R. van den Broek, J.M. Huyghe, W. Wilson, and K. Ito, Influence of bone fixation 
method on functionality of a biomimetic total disc replacement, The Spine Journal, submitted 
  



 

146 

 Development of a biomimetic AID

 


	Summary
	Contents
	Generalintroduction
	1. The spine: anatomy, mechanics, degeneration, and surgical treatment
	2.Total disc replacements
	3. The design of a biomimetic artificial intervertebral disc
	4. Biomechanical behavior of a biomimetic artificial intervertebral disc
	5. Design of next generation total disc replacements
	6. Influence of bone fixation method on functionality of a biomimetic total disc replacement
	7. General discussion & recommendations
	References
	Appendices
	Samenvatting
	Dankwoord
	Curriculum vitae
	Publications

