
Polymer Composite Spinal Disc Implants 

 

Brody Allen Frost 

 

 

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State 

University in partial fulfillment of the requirements for the degree of  

 

Master of Science  

In 

Materials Science and Engineering 

 

 

 

 

 

Earl J. Foster 

Aaron S. Goldstein 

Mark Van Dyke 

 

 

 

 

August 9, 2017 

Blacksburg, Virginia 

 

 

 

 

KEYWORDS: Spinal anatomy, spinal degeneration, lower back pain, 

intervertebral discs, polyurethane composites, cellulose nanocrystals.  

 

 

 

 

Copyright 2017 



Polymer Composite Spinal Disc Implants 

 

Brody Allen Frost 

 

ACADEMIC ABSTRACT 

 

The goal of this research study was to create an artificial annulus fibrosus similar to that of the 

natural intervertebral disc, as well as find preliminary results for vertebral endplate connection and nucleus 

pulposus internal pressure, for the correction of disc degeneration in the spine. The three-part composite 

samples needed to demonstrate good shock absorption and load distribution while maintaining strength and 

flexibility, and removing the need for metal in the body, something of which no current total disc 

replacement or spinal fusion surgery can offer. For this study, the spinal disc was separated into its three 

different components, the annulus fibrosus, the nucleus pulposus, and the vertebral endplates, each playing 

a vital role in the function of the disc. Two low-cost materials were selected, a Covestro polyurethane and 

cellulose nanocrystals, for the purpose of creating a polymer composite spinal disc implant. A methodology 

was established for creating the cast composite material for use as an annulus fibrosus, while also 

investigating its mechanical properties. The same composite material was used to acquire preliminary 

results for vertebral endplate connection to the synthesized annulus, however no additional material was 

used to determine or mimic the mechanical properties of these endplates, due to time constraints. Also 

because of time constraints, the nucleus used in this study was only comprised of water with no other 

additives for preliminary testing since the natural nucleus is comprised of about 80-90% water. These 

properties were then compared to the mechanical properties of the natural disc, so that they could be finely 

tuned to emulate the natural disc. It is shown in this study that the composite material, when swelled in 

water, was able to mimic the annulus fibrosus in tensile strength and modulus, however showed higher 

compressive strength and modulus than ideal. The samples also did not undergo any permanent deformation 

within the realm of force actually introduced to the natural disc. The vertebral endplates showed decent 

adhesion to the synthesized annulus, however there were slight defects that became failure concentrators 

during compression testing. The nucleus showed promising results maintaining good internal pressure to 

the system causing better compressive load distribution, with barreling of the samples.  
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GENERAL AUDIENCE ABSTRACT 

 

Spinal disc degeneration is a very prevalent problem in today’s society, effecting anywhere from 

12% to 35% of a given population. It usually occurs in the lumbar section of the spine, and when severe 

enough, can cause bulging and herniation of the intervertebral disc itself. This can cause immense lower 

back pain in individual’s stricken with this disease, and in the US, medical costs associated with lower back 

pain to exceed $100 billion. Current solutions to this problem include multiple different treatment options 

of which, spinal fusion surgery and total disc replacement (TDR) are among the most common. Although 

these treatments cause pain relief for the majority of patients, there are multiple challenges that come with 

these options. For example, spinal fusion surgery severely limits the mobility of its patients by fusing two 

vertebrae together, disallowing any individual movement, and TDR can cause hypermobility in among the 

vertebrae and offer little to no shock absorption of loads. Therefore, a better treatment option is needed to 

relieve the pain of the patients, as well as maintain equal motion, shock absorption, and load cushioning to 

that of the normal intervertebral disc and remaining biocompatible. The goal of this research study was to 

create a three-component system, like that of the natural intervertebral disc, for the use of spinal disc 

replacement and to replace current options. The fabricated system was comprised of the three components 

found in the natural intervertebral disc; the annulus fibrosus, the nucleus pulposus, and the vertebral 

endplates. Because the system will need to go in-body, the materials used were all characterized as 

biocompatible materials; the polyurethane currently being used in medical devices and implants, and the 

cellulose nanocrystals (CNCs) coming from natural cellulose in sources such as wood and plants. The 

results determined that the mechanical properties of the system can be fine-tuned in order to mimic the 

natural strength and cushioning capabilities of the natural disc, based on CNC content added to the 

polyurethane, and when all three components of the system are added together, the compressive stress-

strain is most similar to the natural disc in compression. However, the system did show failure in the 

connection between the annulus fibrosus and vertebral endplates, causing herniation of the nucleus similar 

to the initial problem attempting to be solved. For this, more ideal fabrication methods should be researched 

in the future including 3D printing techniques, injection molding, and roll milling. As well as alternate 

fabrication techniques, cell grow and viability should be determined to show that cells don’t die once the 

system in implanted. 
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1. Introduction 

1.1 Human Spinal Anatomy 

 The spine, or vertebral column, is a bony structure that houses the spinal cord and extends the 

length of the back, connecting the head to the pelvis [1]. It can be separated into five distinct sections, the 

cervical spine, the thoracic spine, the lumbar spine, the sacrum, and the coccyx, all of which are comprised 

of independent bony vertebrae and intervertebral discs [2], Figure 1.  

       

Figure 1. Overview of the vertebral column (left). Anatomy of the vertebrae and intervertebral discs 

(right) [2, 3]. (Used under fair use, 2017). 

The most important function of the spine is to protect the spinal cord, which is the nerve supply for 

the entire body originating in the brain [1]. Along with this major function, it includes others such as 

supporting the mass of the body/head and withstanding external forces, allowing for mobility and flexibility 

to absorb energy and protect against impact, and attaching to the muscles and ligaments of the trunk for 

postural control and spinal stability [4]. To better describe the differences between the spinal column 

sections, each one has been further discussed. 
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1.1.1 Cervical Spine 

 The cervical section of the spine consists of seven vertebrae (C1 – C7) and six intervertebral discs, 

and extends from the base of the skull to the top of the trunk, where the thoracic vertebrae and rib cage start 

[2], Figure 2. The cervical spine’s major functions include supporting and cushioning loads to the 

head/neck, protecting the spinal cord extending from the brain, and movement of the head and neck [5]. 

   

Figure 2. Anterior (left) and lateral (right) view of the cervical spine to show vertebrae shape and 

curvature [2]. (Used under fair use, 2017). 

Of these seven vertebrae, the atlas (C1) and the axis (C2) are among the most important for rotation 

and movement of the head [6]. The atlas is the only cervical vertebra that does not contain a vertebral body, 

but instead has a more ring-like structure for cradling the skull at the occipital bone, creating the atlanto-

occipital joint. This joint in particular makes up for about 50% of the heads flexion and extension range of 

motion [5 - 7]. The axis contains a large bony protrusion (the odontoid process) that extends from the body, 

superiorly, into a facet on the ring-shaped atlas, forming the atlanto-axial joint [5, 6]. This connection allows 

the head and atlas to rotate from side to side as one unit, and accounts for about 50% of the neck’s rotation, 

as well as having the function of transferring the weight of the head through the rest of the cervical spine 
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[5 - 7]. The rest of the vertebrae (C3 – C7), have significantly reduced mobility, however are mainly used 

as support for the weight bearing of the head and other loads put onto the neck.  

The cervical spine is so important because the nerves that stem from the spinal cord through the 

cervical spine, if damaged, can cause dramatic negative impacts on an individual’s daily life, even 

potentially leaving them paralyzed from the neck down [8]. These nerves include; C1, C2, and C3 nerves 

which are responsible for control of the head and neck, as well as sensations for the head and sides of the 

face; C4 nerve that controls the shoulders and the diaphragm (breathing), as well as sensations for the neck 

and top of the shoulders; C5 nerve that controls the upper body muscles such as deltoids and biceps, as well 

as sensations in the shoulders and outer part of the arm down to about the elbow; C6 nerve that controls the 

wrist extensors and some innervation to the biceps, as well as sensations in the top of the shoulders that run 

down the side of the arm to the thumb side of the hand; C7 nerves that controls the triceps, as well as 

sensations from the shoulder down the back of the arm and into the middle finger; C8 nerve that controls 

the hands, as well as sensations in the lower part of the shoulder that extend down the arm into the pinky 

side of the hand [8]. Therefore, the cushioning and support of loads by the intervertebral discs are crucial 

to the longevity of these nerves, since they run through the same joint separation [9]. However, because of 

the extensive movement that occurs in the cervical spine, the intervertebral discs go through drastic changes 

in stresses and strains causing them to be much more susceptible to injury, which can cause damage to or 

impingements on these nerves [9].  

1.1.2 Thoracic Spine 

 The thoracic section of the spine consists of twelve vertebrae (T1 – T12) and twelve intervertebral 

discs, and extends from the bottom of the cervical spine to the beginning of the lumbar spine [2], Figure 3.  

The thoracic spine’s major functions include heavy load bearing and protection of the spinal cord, 

supporting posture and stability throughout the trunk, and connection of the rib cage that houses and protects 

vital organs, such as the heart and lungs [10].  
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Figure 3. Thoracic spine’s relativity to the other sections of the spine (cervical above and lumbar below). 

Each thoracic vertebra is shown with its respective rib attached, forming the surrounding ribcage (left) 

[11]. Midsection MRI image showing curvature of a normal, healthy thoracic spine from the right side of 

the patient (right) [2]. (Used under fair use, 2017). 

The thoracic spine is special because with the rib cage-sternum complex intact, its load bearing 

capacity becomes three times greater than without. Also, the significant decrease in mobility due to the 

solid structure of the ribcage allows for much greater stability and support of the entire trunk, usually 

leading to less cases of disc degeneration [10, 12]. The vertebrae that make up the thoracic spine, although 

none are especially different like that of the atlas and axis previously discussed, do have some slight 

differences from each other as the vertebral column descends. The vertebral bodies size (thickness, width, 

and depth) drastically increase descending from T1 to T12, as each vertebra is expected to bear an increasing 

amount of weight transferred by the vertebrae above [13]. All other features stay relatively the same 

throughout, except for the T11 and T12 vertebrae in which no ribs are connected, resulting in much smaller 

transverse processes. Along with this change towards the end of the thoracic spine, the T12 vertebra has 

distinct thoracic characteristics superiorly and lumbar characteristics inferiorly for articulation with the L1 

vertebra, allowing rotational movements with T11 while disallowing movements with L1 [13].  
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The thoracic spine contains nerves that are much less specialized per vertebrae like that of the 

cervical and lumbar spine, however they are no less important. The nerves that stem from the spinal cord 

in this section power the muscles that lie around (major back, chest, and abdominal muscles) and between 

(intercostal muscles) the ribs [14]. The sympathetic nervous system, which stems from the entire thoracic 

spine and top two lumbar vertebrae and help power the intercostal muscles, is necessary for vital involuntary 

functions such as increasing heart rate, increasing blood pressure, controlling breathing rate, regulating 

body temperature, air passage dilation, decreasing gastric secretions, bladder function (bladder muscle 

relaxation, and storage of urine), and sexual function [14]. The thoracic spine and sacrum are the only 

sections of the spinal cord that these involuntary nervous systems stem from. The other nerves, which 

produce voluntary movement, include; T1 nerve which help the C8 nerve with the hands and fingers, and 

sensations they include; T2 – T5 nerves that control the upper chest and upper back muscles; T6 – T8 nerves 

that control the lower chest, upper abdominal, and middle back muscles; T9 – T12 nerves that control the 

middle and lower abdominal, and the lower back muscles [14]. As mentioned previously, with these nerves 

passing through the same proximity as the intervertebral discs, cushioning of loads and proper weight 

dispersion is crucial for disc health and nerve protection, although the structural support of the ribcage 

makes damage to these discs much less prevalent [12]. 

1.1.3 Lumbar Spine 

 The lumbar section of the spine consists of five vertebrae (L1 – L5) and five intervertebral discs, 

and extends from the bottom of the thoracic spine to the beginning of the sacrum, which attaches the spine 

to the pelvis [2], Figure 4. The lumbar spine’s major functions include heavy load bearing and protection 

of the spinal cord during locomotion and bending/torsion of the trunk, and providing maximum stability 

while maintain crucial mobility of the trunk about the hips/pelvis [15].  



  

6 
 

        

Figure 4. Lateral view of the midsection of the lumbar spine (left), as well as midsection MRI image 

(right), showing normal curvature and brief anatomy of the intervertebral discs and vertebrae [16, 2]. 

(Used under fair use, 2017).  

This particular section of the spine needs to be the most resilient due to the vital functions it 

provides. Not only does it need to support all of the transferred weight from the previous spinal sections 

(virtually the entire human body), but it also needs to be able to retain its mobility under these strenuous 

conditions. The lumbar spine, from bending over to standing straight, can go through more than a 50º range 

for the average person (± 28.0º from 0º bend) [17]. As well as bending motion, rotation becomes a big 

factor, with each normal lumbar segment having the ability to undergo up to 7º - 7.5º of rotation [18]. When 

weight is added to these conditions, such as bending over to pick up a backpack or a weight from the floor, 

an immense amount of stress and strain is induced into the lumbar spine [19]. Because of this, the vertebrae 

and intervertebral discs in the lumbar spine are the greatest in thickness, width, and depth [20]. The L1 

vertebra starts out with a thickness, width, and depth greater than any of the cervical or thoracic vertebrae, 

and the trend only continues as the lumbar spine continues to descend to the L5 vertebra [20]. Although the 

vertebrae increase in size as the lumbar spine descends, none of the vertebrae themselves are specialized in 

any way like the aforementioned atlas and axis of the cervical spine. The L5 vertebra is not much different 
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than the others other than size, but since it is the most inferior vertebra in the spine, it takes more load 

bearing responsibility than any other vertebra in the spine making it a necessity to be the biggest and 

strongest [21, 22].  

The lumbar spine contains nerves that are much more similar to those of the cervical spine, in that 

each one that comes out of the different levels have very specialized functions, which if damage can hinder 

an individual’s daily life and potentially leave them paralyzed from the waist down [23, 24]. These nerves 

control mainly the front of the lower extremities, and include: L1 nerve that controls partial lower back, 

partial lower abdominal, and partial hip flexor muscles; L2 nerve that controls muscles that extend or flex 

the hip joint (hip flexors, outer gluteus/gluteus medial), and groin regions; L3 nerve that controls major 

quadriceps muscles in order to extend the leg and straighten the knee; L4 nerve that controls the ankle 

muscles that cause dorsi-flexion of the foot (drawing the toes upwards), great toe, and outer quadriceps 

muscle; L5 nerve that control outer muscles of the lower extremity (iliotibial tract, tibialis anterior), and 

major foot muscles [25]. The L1, L2, L3, and L4 nerves share sensations for the anterior and inner surfaces 

of the lower extremity; L4 and L5 nerves share sensations for the foot; L4 creates sensations in the medial 

side of great toe; L5 helps create sensations in posterior and outer surfaces of the lower extremity [25]. 

With all of the load bearing, torsion, and bending, these nerves tend to have the most significant chance to 

be impinged or damaged, compared to any other spinal section [24, 26]. 

1.1.4 Sacrum  

 The sacrum consists of five fused vertebrae (S1 – S5) that connect to the pelvis at the sacro-iliac 

joint, and acts as the only skeletal connection between the trunk and the lower body [2]. While in 

adolescence, the sacrum remains unfused, however as an individual grows into adulthood, the sacrum 

begins to fuse together. The fusion of the sacrum tends to begin with the lateral elements fusing around 

puberty, and the vertebral bodies fusing at about 17 or 18 years of age, becoming fully fused by 23 years 

of age [2], Figure 5. The sacrum has few active roles in the body, however one of those roles are incredibly 

vital, being the bridge between the hips with the rest of the spine [27], Figure 6.  
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Figure 5. Anterior view of the sacrum of an adolescence (left) compared to the sacrum of an adult, after 

the fusion of the vertebrae (right) [2]. (Used under fair use, 2017). 

 

Figure 6. Anterior view of the fixed connection between the fused sacrum and the pelvis, as well as the 

L5 vertebra being intertwined amongst ligaments of the pelvis [2]. (Used under fair use, 2017). 

 Although the sacrum has no intervertebral discs, it does have very important nerves that stem from 

the spinal cord, going through the entire the lower extremity. The most important and commonly injured of 

these nerves travels through the L5/S1 space which is more commonly known as the sciatic nerve. When 

this nerve is damaged or impinged it leads to pain and numbness down the legs hindering much of an 
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individual’s way of life [28]. Among the sciatic nerve, the sacrum contains other nerves including: S1 nerve 

that controls the ankle muscles that cause plantar-flexion of the foot (pointing the toes downwards); S2 

nerve that helps control toe muscles; S2– S5 nerves that control the external sphincter muscles of the anal 

canal and the urethra, and the bladder. Although the sacrum spinal nerves aren’t involved in many voluntary 

motor functions, the S2 – S4 does house the parasympathetic nervous system, which controls involuntary 

functions including, slowing heart rate, constriction of air passages, increasing gastric secretions, bladder 

function (bladder muscle contraction, and release of urine), bowel function, and sexual function (erectile 

function and lubrication) [29]. Because the nerves running through the sacrum have no risk of being 

impinged by bulging or herniated discs, other than the L5 /S1 nerve which is more associated with the 

lumbar spine, the sacrum will not be discussed further.  

1.1.5 Coccyx 

 The coccyx consists of three to five fused vertebrae (four is most common) that are connected to 

the bottom of the sacrum, and is usually referred to as the tail bone [2], Figure 7.  The coccyx’s major 

functions include acting as an attachment site for pelvic tendons, ligaments, and muscles, mainly those of 

which make up the pelvic floor, and supporting and stabilizing the body while in a sitting position [30]. 
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Figure 7. Lateral view of the coccyx in relation to the sacrum (left), and an anterior view of the four fused 

coccyx vertebrae (right) [2]. (Used under fair use, 2017). 

The coccyx has no intervertebral discs nor do any nerves pass through it, therefore it is insignificant 

with regards to disc degeneration and disc damage.  

1.1.6 Intervertebral Discs 

 Every vertebra in the cervical (excluding the C1 and C2 vertebrae), thoracic, and lumbar spines are 

separated by intervertebral discs, each named for the two vertebrae they sit between (e.g. C6-C7, T7-T8, 

and L4-L5, also sometimes denoted as L4/L5). These discs make up about 20 – 30% of the spine, and have 

incredibly important functions including load cushioning, reducing stress caused by impact (shock 

absorber), weight dispersion, allowing for movement of individual vertebrae, and allowing for the passage 

of nutrients and fluid to the spine and spinal cord [31]. Although each disc grants almost identical functions 

to the spine, based on their locations in the spine, their structure and mechanical properties change to adapt 

to the different loads, stresses, and strains produced on the individual sections of the spine [32].  For 

example, as the expected weight-bearing role of each disc increases, descending from the base of the skull 

along the length of the spine, the cross-sectional area of the discs also increases Figure 8.  The pressure 

exerted on the discs however, does not increase to the same extent due to the fact that the cross-sectional 

area increases in the caudal direction [32]. 

                             

 

Figure 8.  Cross-sectional shapes of (a) C7-T1, (b) T7-T8, and (c) L4-L5 intervertebral discs [32]. (Used 

under fair use, 2017). 
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 Along with the changes in the cross-sectional areas of the discs, the thickness of each disc changes 

throughout the spine as well. The cervical and lumbar spines have been shown to have much thicker discs 

than that of the thoracic spine, most likely being adapted to the range of motion expected from these 

sections, for both flexion-extension and torsion [32], Figure 9.  

        

Figure 9. Mean anterior disc height, expressed as a percentage of the total length of the spine, measured 

from lateral radiographs for C2-C3 to L5-S1 (left). Mean posterior disc height, expressed as a percentage 

of the total length of the spine, measured from lateral radiographs for C2-C3 to L5-S1 (right) [32]. (Used 

under fair use, 2017). 

As the discs increase in thickness, the length of reinforcing fibers of the annulus fibrosus increase 

as well. This change allows for a decrease in fiber strain caused by a given movement for thicker discs 

compared to thinner discs [32].  Although there is a general trend between the structural and mechanical 

properties of the intervertebral discs and the spinal sections they belong to, each individual disc of the same 

section have their differences as well.  

1.1.6.1 Cervical Discs 

 The cervical spine consists of six intervertebral discs (C2/C3 – C7/T1), with the absence of a disc 

between the atlas (C1) and the axis (C2) [2]. These discs are smaller in cross-sectional area than any of the 

other discs in the spine, due to the load bearing role of the cervical spine being much less than that in any 
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other section, therefore decreasing the need for load distribution [32]. The average cross-sectional areas of 

the cervical discs are as follows; C2/C3 having an area of 190 mm2; C3/C4 having an area of 280 mm2; 

C4/C5 having an area of 240 mm2; C5/C6 having an area of 300 mm2; C6/C7 having an area of 460 mm2; 

C7/T1 having an area of 440 mm2 [32]. However, with the extent of flexion/extension and rotation 

throughout the cervical spine, the discs have the greatest disc height to vertebral body height ratio than 

those in the other sections of the spine [32]. The average thicknesses of the cervical discs are as follows; 

C2/C3 having a thickness of 3.51 mm; C3/C4 having a thickness of 3.74 mm; C4/C5 having a thickness of 

4.07 mm; C5/C6 having a thickness of 4.45 mm; C6/C7 having a thickness of 4.11 mm; C7/T1 having a 

thickness of 4.5 mm [33, 34]. In adults, the maximum flexion and extension of the cervical spine occurs 

around the C5/C6 disc, therefore its thickness is representative of such and will be, on average, thicker than 

the others. The cervical discs also show a maximum thickness in the anterior section and a minimum height 

in the posterior section, giving the natural convex curvature as previously mentioned [33], Figure 10.  

 

Figure 10. Posterior height divided by anterior height of discs C2-C3 to L5-S1. The nearer the 

value of this ratio to 1.0, the less wedge-shaped is the disc [32]. (Used under fair use, 2017). 
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Because of the mobility of the cervical spine, its discs have a significantly higher chance of 

becoming damaged from bending and torsion, making it the second most common spinal section for disc 

injury [35].  

1.1.6.2 Thoracic Discs 

 The thoracic spine consists of twelve intervertebral discs (T1/T2 – T12/L1) [2]. These discs are 

greater in cross-sectional area than the cervical discs, however are still less than that of the lumbar discs. 

This is due to the amount of extra load transferred to the thoracic spine from the vertebrae above, therefore 

increasing the need for greater load distribution [32]. The average cross-sectional areas of the thoracic discs 

are as follows; T1/T2 having an area of 510 mm2; T2/T3 having an area of 490 mm2; T3/T4 having an area 

of 485 mm2; T4/T5 having an area of 450 mm2; T5/T6 having an area of 605 mm2; T6/T7 having an area 

of 750 mm2; T7/T8 having an area of 710 mm2; T8/T9 having an area of 900 mm2; T9/T10 having an area 

of 840 mm2; T10/T11 having an area of 1080 mm2; T11/T12 having an area of 1170 mm2; T12/L1 having 

an area of 1190 mm2 [32]. Although the thoracic discs are greater in cross-sectional area than the cervical 

discs, they are still thinner in comparison. This is because the thoracic spine does not go through as much 

flexion/extension and rotation as the other sections of the spine, mainly due to the attachment of the rib 

cage [32]. The average thicknesses of the thoracic discs are as follows; T1/T2 having a thickness of 4.4 

mm; T2/T3 having a thickness of 3.5 mm; T3/T4 having a thickness of 3.3 mm; T4/T5 having a thickness 

of 3.2 mm; T5/T6 having a thickness of 3.5 mm; T6/T7 having a thickness of 4.1 mm; T7/T8 having a 

thickness of 3.9 mm; T8/T9 having a thickness of 5.3 mm; T9/T10 having a thickness of 4.8 mm; T10/T11 

having a thickness of 6.5 mm; T11/T12 having a thickness of 5.4 mm; T12/L1 having a thickness of [34, 

36, 37]. Although the majority of the thoracic discs also show a greater height in the anterior section as 

opposed to the posterior section (exception of T4/T5, T5/T6, and T10/T11), like that of the cervical discs, 

the difference is not to the same extent as the other sections of the spine [32], Figure 11.  
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Figure 11. Geometric model of the human thoracic discs from C7/T1 to T11/T12, constructed with 

parameters derived from morphometric analyses. The thinnest disc was found in the disc level T4/T5, and 

disc shape was determined by the relationships between the anterior, middle and posterior disc heights 

(ADH, MDH, PDH) [34]. (Used under fair use, 2017). 

 Because of the lack of mobility throughout the thoracic spine, its discs tend to have very little 

torsional stress, giving them a very low chance to become injured from degradation. However, if a high 

impact is sustained in the thoracic spine, there is a possibility of disc damage, although it is much more 

common for one of the vertebra to fracture before damage to the disc occurs [38]. 

1.1.6.3 Lumbar Discs 

 The lumbar spine consists of five intervertebral discs (L1/L2 – L5/S1) [2]. These discs have the 

greatest cross-sectional area out of all of the spinal sections, with L2/L3 – L5/S1 being virtually equal. This 

is because the lumbar discs need to withstand the greatest amount of load without building up too much 

pressure and failing [32]. The average cross-sectional areas of the lumbar discs are as follows; L1/L2 having 

an area of 1400 mm2; L2/L3 having an area of 1640 mm2; L3/L4 having an area of 1690 mm2; L4/L5 having 

an area of 1660 mm2; L5/S1 having an area of 1680 mm2 [32]. Like the cervical spine, the lumbar spine 
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goes through an incredible amount of flexion/extension and torsion causing a great deal of stress and strain 

on the discs. Due to these factors, they have to be extremely thick, relative to the other discs, so as well as 

having the greatest amount of surface area, the lumbar discs also have the greatest thickness [32]. The 

average thicknesses of the lumbar discs are as follows; L1/L2 having a thickness of 7.65 mm; L2/L3 having 

a thickness of 8.9 mm; L3/L4 having a thickness of 9.25 mm; L4/L5 having a thickness of 9.9 mm; L5/S1 

having a thickness of 9.35 mm [37, 39]. The lumbar discs also have a high ratio of anterior disc thickness 

to posterior disc thickness, the greatest being the L5/S1 disc, causing the lumbar spine’s natural convex 

curvature similar to the cervical spine (refer to Figure 10) [37, 39]. Because of the mobility of the lumbar 

spine and the tremendous loads it must endure, sometimes being in the thousands of newtons, its discs have 

a significantly higher chance of becoming damaged from bending and torsion, making it the most common 

spinal section for disc injury [40].  

1.1.7 Intervertebral Disc Composition 

Each intervertebral disc is a complex structure comprised of three main components, a thick outer 

ring of fibrous cartilage called the annulus fibrosus, a more gelatinous core called the nucleus pulposus, 

and cartilage vertebral endplates. These components give certain necessary properties to the intervertebral 

discs’ structural integrity and properties as a whole [41], Figure 12. 
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Figure 12. A cut out portion of a normal disc depicting the nucleus pulposus, vertebral endplates, 

and annulus fibrosus. The chosen intervertebral disc is 4 cm wide and 7-10 mm thick [41]. (Used 

under fair use, 2017). 

 Along with the components mentioned above, the discs have a constant blood supply and flow of 

nutrients throughout to ensure the spinal cord and cells within the discs are healthy. This helps with the 

biochemical elements vital to keep the discs alive and functioning properly [42]. To better understand the 

functions and properties of each component, they will be further broken down for more concise detail.   

1.1.7.1 Annulus Fibrosus 

The annulus fibrosus consists of concentric rings, or lamellae, surrounding the nucleus pulposus, 

and is referred to as having two main sections, the inner and outer annulus fibrosus. Both of these sections 

are composed of mostly water (70-78% inner and 55-65% outer wet weight), fibrocartilage (type I and type 

II collagen, 25-40% inner and 60-70% outer dry weight), proteoglycans (11-20% inner and 5-8% outer dry 

weight), and other factors involved in extracellular-matrix, however with increasing radial distance from 

the nucleus, the concentration of some of these components change, mainly collagen and proteoglycans [3, 

43, 52]. These cells and tissues help create the more rigid structure of the annulus fibrosus necessary to 

carry out its vital roles in the intervertebral discs. The structure of multiple lamella and alternating collagen 
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fiber angles help give the annulus fibrosus its major functions including, housing the nucleus pulposus, 

keeping it under pressure and from impinging on the spine, and enabling the disc to withstand complex 

loads with its inhomogeneous, anisotropic, and nonlinear mechanical behaviors [44].  

1.1.7.1.1 Cells and Tissues 

 There are three main cells and tissues found in the annulus fibrosis; fibrocartilage (collagen fibrils), 

proteoglycans, and other factors involved in the extracellular-matrix (ECM). Each play a vital role in the 

performance and health of the annulus fibrosus, and without such could not support the demands of the 

spine [44].  

 Collagens are important by playing structural roles and contributing to the mechanical properties, 

organization, and shape of the annulus fibrosus tissues, and come in many different isoforms, more than 28 

of which have already been identified. It is one of the most abundant ECM proteins in the body, and can 

take multiple structures of either fibril forming or short-helix [45]. The annulus fibrosus contains only fibril 

forming collagen, collagen type I and type II, which forms the fibrocartilage of the lamellae, Table 1. The 

collagen types I and II replace one another in a smooth gradient, transitioning from 100% type I in the 

furthest outer lamella, to 100% type II in the furthest inner lamella. Not only does the type of collagen 

change as radial distance increases, but the concentration of collagen as well, increasing from inner annulus 

to outer annulus [52]. This creates a smooth transition zone between the nucleus pulposus and the outer 

annulus fibrosus [46]. 

 

Table 1. Types of collagen found in lamellae of the annulus fibrosus [45, 74].  

Collagen 

type 

Structure Genes Alpha 

chains 

% of total 

collagen content 

Distribution 

Collagen I Large diameter, 

67-nm banded 

fibrils 

COL1A1 

COL1A2 

α1(I) 

α2(I) 

0  100 Increases from inner 

to outer regions 

Collagen II 67-nm banded 

fibrils 

COL2A1 α1(II) 100  0 Decrease from inner 

to outer regions 
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 All collagen consists of a triple helix structure comprised of three polypeptide chains [47]. These 

polypeptide chains, called alpha (α) chains, further diversify the collagen family by creating several 

molecular isoforms for the same collagen, as well as hybrid isoforms comprised of two different collagen 

types. The size of these α chains can vary from 662 to 3152 amino acids for humans, and can either be 

identical to form homotrimers or different to form heterotrimers [45]. Collagen type I is considered a 

heterotrimer consisting of α1(I) and α2(I), while collagen type II is considered a homotrimer consisting of 

only α1(II), both of which are found in the annulus fibrosus.  

 After the transcription and translation of the procollagen α chains, four distinct stages occur for the 

assembly of collagen fibrils. The first stage is importation into the rough endoplasmic reticulum, where the 

α chains are modified to form the triple-helical procollagen. The second stage is the modification of the 

procollagen in the Golgi apparatus and its packaging into secretory vesicles. The third stage is the formation 

of the collagen molecule in the extracellular space by cleavage of the procollagen. The final stage is the 

crosslinking between the collagen molecules to stabilize the supramolecular collagen structure [47], Figure 

13. These collagen fibrils are vital to the structure, strength, and flexibility of the fibrocartilage in the 

annulus fibrosus lamellae.  
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Figure 13.  Construction of fibrillary collagen as described above [47]. (Used under fair use, 2017). 

 

Proteoglycans are glycosylated proteins which have covalently attached highly anionic 

glycosminoglycans (GAGs). Major GAGs include heparin sulphate, chondroitin sulphate, dermatan 

sulphate, hyaluronan, and keratin sulphate [47]. They are less abundant proteins found in the annulus 

fibrosus ECM, and instead of being predominantly fibrillar in structure, like collagen, they form the basis 

of higher order ECM structures around cells. The main family of proteoglycans that have been implicated 

in fibrillary collagen assembly is the small leucine-rich repeat proteoglycans (SLRPs) due to their collagen-

binding properties. These SLRPs consist of two regions, a variable N-terminal domain containing sulphated 

tyrosine and a conserved carboxy terminus that contains the leucine-rich repeats, and affect collagen fibril 

growth rate, size, morphology, and content [47].  

Their major biological function is to bind water to provide hydration and swelling pressure of the 

tissue giving it compressive resistance, which are derived from the physiochemical characteristics of the 

GAG component of the molecule [48]. Inverse of the collagen, the proteoglycan concentration has an 

increasing gradient from outer annulus to inner annulus, or transition zone [52].  

1.1.7.1.2 Structure 

 The annulus fibrosus has a unique structure consisting of anywhere from 15 to 25 distinct layers 

(lamellae), depending on the circumferential location, the spine level, and the individual’s age, with the 

thickness of these individual lamellae varying both circumferentially and radially as age increases [49]. 

Each adjacent lamella is held together by discrete collagenous bridging structures, which are orientated 

radially to wrap around individual collagen fibers and prevent severe delamination [50]. Based on the 

location of the disc, the amount of collagen fibril bundles in each lamella can vary from 20 to 62 bundles 

over the total height of the disc, with an average interbundle spacing of 0.22 mm and bundle thickness of 

roughly 10 microns [49], Figure 14. These bundles sit at different angles ranging anywhere from 55º to 

20º, alternating direction every other layer, and have a planar zig-zag (crimped) structure, allowing them to 
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be stretched and extend more as the crimps straighten out. This allows for the rotational and 

flexion/extension mobility of the spine [50, 51].  

 

Figure 14. Diagram showing the detailed structure of the annulus fibrosus, with its 15 – 25 lamellae 

comprised of 20 – 62 collagen fiber bundles [50]. (Used under fair use, 2017). 

 

 The annulus fibrosus’ unique structure helps give it its mechanical functions of containing the radial 

bulge of the nucleus, enabling a uniform distribution and transfer of compressive loads between vertebral 

bodies, and to distend and rotate, allowing and facilitating joint mobility [52]. 

1.1.7.1.3 Mechanical Properties  

 Like the collagen and proteoglycan concentration, the mechanical properties of the annulus fibrosus 

differ with an increase in radial distance, usually becoming stronger and stiffer towards the outer annulus. 

These mechanical properties are highly anisotropic and nonlinear in uniaxial tension, compression, and 

shear, and have a high tensile modulus in the circumferential direction [53]. In particular, the tensile 

properties of the lamella show drastic differences depending on what samples are tested and with what 

alignment they are tested. When testing parallel to the alignment of the collagen fiber bundles as opposed 

to perpendicular, the strength and modulus increases due to the strength and reinforcement given by the 

fibers, and the same correlation can be found when testing the outer lamellae as opposed to the inner 

lamellae [53, 54], Table 2.  
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Table 2. Tensile properties of the annulus fibrosus [55, 56]. 

Sample Sample 

Specification 

Yield 

Stress, 

MPa 

Ultimate 

Stress, 

MPa 

Elastic 

Modulus, 

MPa 

Yield 

Strain, 

% 

Ultimate 

Strain, 

% 

Stiffness, 

N/m 

Bulk 

Annulus 

Outer, A -- 3.9 ± 1.8 16.4 ± 7.0 20 – 30* 65 ± 16 5.7 ± 3.4 

Outer, P -- 8.6 ± 4.3 61.8 ± 23.2 20 – 30* 34 ± 11 5.7 ± 3.4 

Inner -- 0.9 -- 20 – 30* 33 1.2 ± 1.1 

Single 

Lamella 

Parallel -- -- 80 - 120 -- -- -- 

Perpendicular -- -- 0.22 -- -- -- 

A/P, interior/posterior section of the annulus 

Parallel/Perpendicular, alignment of testing in relation to the fiber orientation 

* Only one value was ascertained for entirety of the annulus fibrosus 

 Although the elastic modulus of the lamella differs by a factor of roughly 500, with respect to fiber 

orientation, when tested together in relation to how the disc might actually perform, the modulus instead 

hovers around 18 – 45 MPa [56]. As the stress induced on the annulus fibrosus increases, the rigidity of the 

system increases. This mechanical behavior leads to the stiffening of the intervertebral disc tissue for larger 

strains, due to the uncrimping of the collagen fibers. Not only does the stiffness relate to amount of strain 

on the annulus fibrosus, but also the load rate of the induced stress [57]. 

The annulus fibrosus is the only section of the disc that undergoes tensile stress and strain, and it is 

usually due to these stresses that the collagen fibrils breakdown and deteriorate, making its unique tensile 

properties a focus when studying disc degeneration. However, while tensile properties are important for the 

understanding of how much stress and strain the annulus fibrosus can withstand, the injuries sustained are 

rarely due to a single impact, but more often the cyclic loading of the spine that causes deterioration of the 

collagen fibrils [55]. Therefore, because the disc goes through thousands of cycles on a daily basis, cyclic 

loading tests are crucial for the understanding of the annulus fibrosus’ mechanical integrity. Cyclic loading 

tests were performed on the anterior and posterior sections of the annulus fibrosus, with different loads (% 

ultimate tensile strength, UTS) until either failure occurred or 10000 cycles had been reached. When the 

stress applied was less than 45% of the UTS, fatigue failure did not occur, meaning that the sample reached 

10000 cycles [55].  
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Although not as important for the annulus fibrosus as it is for the nucleus pulposus, compressive 

stresses and strains do occur on the lamellae, Table 3. However, they have very little effect on the 

degradation of the annulus fibrosus, therefore are not tested to the extent of the tensile properties. Most 

often only the swell pressure (Psw), modulus (HA), and permeability (k) are measured [58].  

Table 3. Compressive properties of the annulus fibrosus [58].  

Section of Annulus 

Fibrosus 

Swell Pressure, (Psw), 

MPa 

Modulus, (HA), MPa Permeability, (k), 

(x10-15 m4/N-s) 

Anterior 0.11 ± 0.05 0.36 ± 0.15 0.26 ± 0.12 

Posterior 0.14 ± 0.06 0.40 ± 0.18 0.23 ± 0.09 

Outer 0.11 ± 0.07 0.44 ± 0.21 0.25 ± 0.11 

Middle 0.14 ± 0.04 0.42 ± 0.10 0.22 ± 0.06 

Inner 0.12 ± 0.04 0.27 ± 0.11 0.27 ± 0.13 

 

1.1.7.2 Nucleus Pulposus 

The nucleus pulposus resides in the middle of the disc surrounded by the annulus fibrosus, which 

keeps it from leaking into the spinal canal. It consists of randomly organized collagen fibers (15-20% dry 

weight) and radially arranged elastin fibers, housed in a proteoglycan hydrogel (50% dry weight), with 

chondrocyte-like cells interspersed at a low density of approximately 5000/mm3 [3, 59]. The nucleus is an 

incompressible structure that it is made up of about 80-90% water, which helps it carry out its vital roles in 

the intervertebral disc of compressive load dispersion, compressive shock absorption, and keeping the 

inside of the disc swollen for necessary internal pressure [60].  

1.1.7.2.1 Cells and Tissues 

 There are four main components found in the nucleus pulposus; collagen fibrils and elastin fibers 

(roughly 150 micrometers in length), proteoglycans, and chondrocyte-like cells. Each play a vital role in 

the performance and health of the nucleus pulposus, giving it the necessary material and mechanical 

properties to serve its functions [61]. Although the two similar components between the nucleus and the 

annulus were previously discussed (collagen type II and proteoglycan), the other two components, elastin 

fibers and chondrocyte-like cells were not.  
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 Unlike the annulus fibrosus, the collagen in the nucleus forms a loose network, which is joined by 

the network of elastin fibers. The elastin fibers are necessary for maintaining collagen organization and 

recovery of the disc size and shape after the disc deforms under various loads. It accomplishes this with its 

unique structure of microfibrils forming a meshwork around a central elastin core, Figure 15. These 

microfibrils are structural elements of the nucleus’ ECM, and have been found distributed in connective 

and elastic tissues such as blood vessels, ligament, and lung [62].  

 

Figure 15. Fluorescence microscopic images of stained components in the nucleus pulposus. The 

microfibrils (red) show a tendency to hover/organize around the nucleus pulposus cells (blue), while the 

elastin fibers (green) have a tendency to stay dispersed through the entire ECM [62]. (Used under fair use, 

2017). 

 The microfibrils play vital roles in the properties of the elastic fibers, such as conferring mechanical 

stability and limited elasticity to tissues, contributing to growth factor regulation, and playing a role in 

tissue development and homeostasis. Microfibrils are made up of a multicomponent system, consisting of 

a glycoprotein fibrillin core (three known types), microfibril associated proteins (MFAPs), and microfibril 
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associated glycoproteins (MAGPs). The MFAPs and MAGPs, as well as a few other peripheral molecules, 

contribute to link microfibrils to elastin, to other ECM components, and to cells [63]. 

 In the nucleus pulposus, the chondrocyte-like cells act as metabolically active cells that synthesize 

and turnover a large volume of ECM components, mainly collagen and proteoglycans [64].  They produce 

and maintain the ECM with the presence of Golgi cisternae and well-developed endoplasmic reticulum, 

and are able to withstand very high compressive loads and help with the movement of water and ions within 

the matrix [65]. They also maintain tissue homeostasis, play a role in the physio-chemical properties of 

cartilage-specific macromolecules, and prevent degenerative diseases like degenerative disc disease and 

osteoarthritis. However, with age these cells start to become necrotic, increasing from about 2% at birth to 

50% in most adults. This can lead to cartilage/collagen degradation, abnormal bone growth (osteophyte) 

formation on the vertebrae where bone on bone friction occurs, and stiffening of joints [61, 64].  

1.1.7.2.2 Structure 

The nucleus pulposus is a soft, gelatinous mass that is irregularly ovoid and is found under pressure 

in the center of the disc. Because it is mostly water (between 80-90%), it does not have a definite structure 

or form, but like a liquid, takes the shape of wherever it is confined [66]. From birth to adolescence, the 

nucleus pulposus is a semi-fluid mucoid mass formed by proliferation and degeneration of embryological 

notochord cells with a few scattered cartilage cells and collagen fibers. As age increases into adulthood, the 

notochord cells completely degenerate and become replaced by chondrocyte-like cells, which help give the 

nucleus its structure and mechanical properties. Also with age, the nucleus becomes less fluid-like and more 

cartilaginous as the collagen fibrils start to crosslink together forming fibers like that of the annulus [67].  

1.1.7.2.3 Mechanical Properties  

 Being virtually an incompressible liquid, the nucleus pulposus does not endure any tensile stresses 

or strains, and the loads it can withstand in compression are largely due to the force that the annulus fibrosus 

can resist radially, as well as the swell pressure already exerted internally by the nucleus [56]. When tested 
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for compressive properties, the nucleus had to be confined so that accurate measurements could be taken, 

Table 4.  

Table 4. Confined compressive properties of the nucleus pulposus [56].  

Sample Swell Pressure, (Psw), 

MPa 

Modulus, (HA), MPa Permeability, (k), 

(x10-16 m4/N-s) 

Nucleus Pulposus 0.138 1.0 9.0 

 

 However, when observed with regards to everyday activities in situ, the lumbar compressive forces 

can fluctuate between 800 N and 3,000 N. This causes the nucleus to become pressurized up to 0.4 MPa 

while lying down, 1.5 MPa while standing or sitting, and up to 2.3 MPa while actively lifting [68]. Although 

the mechanical testing of the nucleus pulposus is not quite as extensive as that of the annulus fibrosus, it 

does not make it any less important to the structural and mechanical properties of the disc as a whole. 

1.1.7.3 Vertebral Endplates 

 The vertebral endplates are situated on the top and bottom of each intervertebral disc, and are 

comprised of hyaline cartilage with proteoglycans for swelling properties [69]. Their main function is to 

connect the dense, harder cortical bone shell of the vertebrae to the annulus and nucleus via mechanical 

interlocking, and to keep the nucleus pressurized and from bulging into the soft, spongy/cancellous 

trabecular bone center of the vertebrae, Figure 16. The vertebral endplates are the strongest part of the 

intervertebral disc, and usually fail after the vertebral body has already fractured [50].  
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Figure 16. The connection of the hyaline cartilage vertebral endplate to the perforated cortical bone of the 

vertebral body and collagen fibers of the annulus and nucleus. The arrows in the figure refer to the 

direction of nutrients and blood flow through the different components of the disc, mainly coming from 

the bong through the vertebral endplates [3]. (Used under fair use, 2017). 

  The vertebral endplates also have the unique role of acting as the main transport for nutrients and 

blood flow in and out of the disc. This provides the nucleus and annulus with the cells and other required 

components that keep the disc alive, and from degenerating [68].  

1.1.7.3.1 Cells and Tissues 

 The vertebral endplates are made up of three main components that give them their structural 

integrity and strong mechanical properties, hyaline cartilage, proteoglycans, and chondrocytes [69]. 

Although proteoglycans and chondrocytes were previously discussed, hyaline cartilage was not.  

 The hyaline cartilage of the vertebral endplates maintains very similar macromolecules in their 

ECM as that of the nucleus pulposus, however the ratios of proteoglycan to collagen content differs 

drastically. The typical ratio of proteoglycans (GAG level) to collagen in the endplates is roughly 2:1, which 

is why it has such stiff properties as compared to the nucleus which has a ratio of 27:1 [70]. Also, 

distinctively different from the annulus fibrosus’ fibrocartilage which contain large collagen fiber bundles, 
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the endplates have fine collagen fibers similar to the nucleus, but they are closely packed together. The 

hyaline cartilage in the endplates are made up of multiple types of collagen such as Type I, II, IV, V, VI, 

IX, X, and XI, however Type X collagen is the most important [71], Table 5. Its main role is to act as a 

marker of hypertrophic chondrocytes and is involved with calcification. Collagen Type II is also found in 

abundance in the endplates, however with age, the inactivation of the collagen Type II gene leads to lower 

GAG levels making the endplates calcify becoming thicker and more irregular [69]. The other collagens, 

Type I, III, V, VI, IX, and XI are present in small amounts, and only contribute to a minor portion of the 

cartilage with the main functions of forming and stabilizing the collagen Type II fibril network [71]. 

 

Table 5. Types of collagen found in the hyaline cartilage of the vertebral endplates [45, 72, 73, 74]. 

Collagen type Structure Genes Alpha 

chains 

% of total 

collagen content 

Collagen I Large diameter, 67-

nm banded fibrils 

COL1A1 

COL1A2 

α1(I) 

α2(I) 

<1 

Collagen II 67-nm banded fibrils COL2A1 α1(II) 90 – 95  

Collagen III Small diameter, 67-

nm banded fibrils 

COL3A1 α1(III) <1 

Collagen V 9-nm diameter banded COL5A1 

COL5A2 

COL5A3 

α1(V) 

α2(V) 

α3(V) 

<1 

Collagen VI 5-10 nm diameter 

beaded microfibrils, 

100-nm periodicity 

COL6A1 

COL6A2 

COL6A3 

α1(VI) 

α2(VI) 

α3(VI) 

<1 

Collagen IX Nonfibrillar, short-

helix 

COL9A1 

COL9A2 

COL9A3 

α1(IX) 

α2(IX) 

α3(IX) 

<1 

Collagen X Nonfibrillar, short-

helix 

COL10A1 α1(X) 1 

Collagen XI Fibril forming COL11A1 

COL11A2 

COL2A1 

α1(XI) 

α2(XI) 

α3(XI) 

<1 

 

 All of the collagen structures and cellular make-up are the same for the hyaline cartilage as was 

previously discussed in the annulus fibrosus cells and tissues. 
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1.1.7.3.2 Structure 

The vertebral endplates have two major structures, the collagen fibers of the cartilaginous section 

(roughly 0.1 to 0.2 mm thick) and the bony components of the vertebral section (roughly 0.2 to 0.8 mm 

thick). For the cartilaginous section, the collagen fibers, enveloped in a proteoglycan hydrogel, run 

horizontal and parallel close to the vertebral bodies, however the fibers then continue into the annulus 

fibrosus at an angle [3]. The integration between the collagen fibers in the nucleus and the endplates is more 

convoluted. For the vertebral section, the bony component of the endplate is a thick, porous layer of fused 

trabecular bone with osteocytes embedded within saucer-shaped lamellar packets, resembling the structure 

of the vertebral cortex [68].  

The most important structural features of the endplate biomechanical functions are the thickness, 

porosity, and curvature. For example, thick, dense endplates with a high degree of curvature are stronger 

than thin, porous, and flat endplates [68]. They are typically less than 1.0 mm thick, and cover the entire 

surface area of the top and bottom of the intervertebral disc. The thickness across the width of the disc is 

not uniform, varying considerably, while tending to be the thinnest in the central region adjacent to the 

nucleus [69]. The density tends to increase towards the vertebral periphery where the subchondral bone 

growth starts, however porosity can increase up to 50 – 130% with aging and disc degeneration. Due to the 

variations throughout the structure of the vertebral endplate, its mechanical properties vary as well [75, 78]. 

1.1.7.3.3 Mechanical Properties 

 The mechanical properties of the vertebral endplates vary with the area on which the endplate was 

tested as well as the area of the spine from which the endplate was tested. The central area of the endplates 

tends to be the weakest, and increases in strength and stiffness radially towards the outer annulus. When 

tested in different sections of the spine, the endplates show a significant increase in strength and stiffness 

from superior to inferior sections of the spine. Not only do the properties change between spinal sections, 

but also within the same section, such as the stiffness and strength increasing as the lumbar spine descends 

(L1/L2 – L5/S1) [75]. Due to the unique structure of the endplates, they are able to withstand an incredible 
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amount of load, outlasting the vertebral body more often than not. The failure of the vertebral endplate 

tends to occur around 10.2 kN, however the failure of the vertebral body, usually due to fracture, occurs 

around 4.2 kN in individuals 60 years of age or older, and around 7.6 kN in individuals 40 years or younger 

[50, 76]. Not only do the endplates have great strength, but they also possess great stiffness properties (1965 

± 804 N/mm) that allow it to be semi-flexible during the loads put onto the spine. This helps the nucleus 

move and cushion loads more readily inside of the disc, while also protecting the endplates from tensile 

damage, of which they are most likely to fail [68, 77].  

1.1.7.4 Blood Vessels and Nerve Supply  

 Because the intervertebral disc is one of the most avascular tissues in the human body, in a healthy 

adult, it tends to have very few blood vessels. However, during early stages of life, blood and lymph vessels 

can be found throughout the majority of the disc with the exception of the nucleus. With age, blood and 

lymph vessels found in the tissues of the disc start to decrease and migrate towards the outer parts of the 

disc, only extending into the annulus up to roughly 20 years of age, only extending into the vertebral 

endplates up to roughly 7 years of age, and never extending into the nucleus at any age, Figure 17, [3, 79].  
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Figure 17. (A) represents the multiple longer and thicker vascular channels throughout the intervertebral 

disc a 10-month old girl, while (B) represents the vascular channels throughout the disc of a 50-year old 

adult, showing the retraction and thinning of the channels [3]. (Used under fair use, 2017). 

In fetal and infantile ages, blood vessels perforate the endplates and extend into the inner and out 

annulus, however in adolescence and adults, blood vessels were only found in the outer annulus adjacent 
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to the insertion of ligaments. Given the size of the avascular structure, once these blood vessels retract from 

the disc in adulthood, the discs rely on long diffusion through the endplates and annulus for the nutritional 

supply of the disc cells [80]. The cellular capacity to survive under critical nutritional and metabolic 

conditions is therefore significantly reduced. This is said to contribute to the degeneration of the discs, 

giving a reason for the low structural and functional restoration properties of the disc tissues during aging, 

especially with regards to the poor nutritional situation of the cells in the nucleus [80].  

The intervertebral discs are supplied by a variety of nerves, some of the most important residing in 

the cervical and lumbar spine. Recurrent sinuvertebral nerves innervate the posterior and some of the 

posterolateral aspects of the disc, and the posterior longitudinal ligament, branching off of the dorsal root 

ganglion extending from the spinal cord. The other posterolateral aspects receive branches from the adjacent 

ventral primary rami and from the grey rami communicantes [81]. Lateral aspects of the disc receive other 

branches from the rami communicantes, some of which cross the intervertebral disc and are embedded 

within the surrounding connective tissue of the disc, such as the origin of the psoas for the lumbar spine. 

Lastly, the anterior aspects along with the anterior longitudinal ligament are innervated by recurrent 

branches of rami communicantes, Figure 18, [81].  
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Figure 18. The innervation of a healthy intervertebral disc, showing the sinuvertebral nerves and rami 

communicantes extending into the vertebral foramen and the outer annulus of the disc [3]. (Used under 

fair use, 2017). 

Opposite of blood vessels, in a healthy young adult the sensory nerve endings of the disc can be 

found on the superficial layers of the annulus and in the outer third of the annulus, only extending about 3 

mm into the disc [82]. With age and degeneration, the nerves tend to creep into the inner parts of the disc 

by means of neoinnervation, arising from granulation tissue growing in the disc. This can cause innervation 

of the middle and inner annulus, and even potentially of the nucleus pulposus, which can bring significant 

problems with regard to lower back pain with the amount of pressure being induced onto the discs, and 

therefore pressure onto the nerves [82, 83].  

1.2 Spinal Degeneration and Lower Back Pain 

Back pain is a major health problem in Western industrialized societies, inflicting suffering and 

distress on a large number of patients and their families, especially those of old age, increasing with the 

increased aged population. The effects of this problem are vast, with prevalence rates ranging from 12% to 

35%, and around 10% of sufferers becoming chronically disabled [84]. However, pain is not the only effect 

that lower back pain causes. With total costs, including direct medical costs, insurance, lost production, and 
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disability benefits, reaching into the billions of dollars, an enormous economic burden is placed on society 

[84]. In the United States alone, costs associated with lower back pain exceeds $100 billion per year, two-

thirds resulting from lost wages and reduced productivity [85]. Among the other third are direct costs for 

medical treatments of back pain diagnoses, estimated at $34 billion out of the total $47 billion for all 

treatments for pain diagnoses in 2010. These costs include office-based visits, hospital outpatients, 

emergency services, hospital inpatients, and prescription drugs [86], Table 6.  

Table 6. Out-of-pocket medical costs (in millions of US dollars) of lower back pain, mainly due to disc 

degeneration [86].  

Conditions 
Office-

based 

Hospital 

Outpatients 

Emergency 

Services 

Hospital 

Inpatients 

Prescription 

Drugs 
Total 

Back Pain $14,400 $3,000 $607 $13,500 $2,660 $34,167 

 

Back pain is strongly associated with disc degeneration and injury, the majority of the time 

occurring in the lumbar spine due to the increased stresses, strains, and torsion compared to other sections, 

and the thoracic spine being the least affected [12].  

Intervertebral discs are among the most avascular tissues in the human body, causing it to 

experience very little regenerative properties like that of articular cartilage. With the stresses and strains 

put onto the intervertebral discs on a day to day basis, along with aging, it is inevitable that they breakdown 

and become injured after years of wear and tear [87]. Multiple factors go into disc degeneration and injuries 

other than just age, such as genetic inheritance, impaired metabolite transport, altered levels of enzyme 

activity, cell senescence and death, changes in matrix macromolecules and water content, osteoarthritis, 

structural failure, and neurovascular ingrowth. Although genetic inheritance is the greatest risk factor, it 

does not cause discs to degenerate by itself, but instead increases their susceptibility to environmental 

factors like high and repetitive mechanical loading and smoking cigarettes [88].  
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1.2.1 Degenerative Disc Disease 

Degenerative disc disease is defined by the degeneration of intervertebral discs due to aging and 

other environmental factors, with genetic inheritance playing a significant role in the rate of degradation. 

Approximately 50 – 70% of the variability in disc degeneration is caused by an individual’s genetic 

inheritance [88]. The inherited genes associated with disc degeneration include those for collagen type IX, 

aggrecan, vitamin D receptor, MMP3, and cartilage intermediate layer protein. The strength of 

musculoskeletal tissue, like that of intervertebral discs, are affected by the products of these genes, such as 

the strength of the collagen fibrils throughout the annulus fibrosus. Although, an unfavorable genetic 

inheritance is present at birth, disc degeneration only becomes prevalent and common in the individual’s 

40’s, and usually only in the lower lumbar spine [88]. Some individuals however, can become inflicted by 

this disease much earlier than the norm.  

Disc degeneration can occur in individuals as young as 11 – 16 years of age, usually found in the 

lumbar section. This is due to the fact that discs tend to degenerate faster than any other musculoskeletal 

tissues [84]. Degenerative disc disease affects about 20% of people in their teens, showing mild signs of 

degeneration before their second decade of life. However, this disease increases drastically with age, 

causing around 10% of 50 year olds’ discs and 60% of 70 year olds’ discs to become severely degenerative 

hindering the daily activity of these individuals significantly [84].  

Degenerative disc disease can affect the natural discs in many ways, causing them to undergo 

striking alterations in volume, shape, structure, and composition, that decrease the motion and alter the 

biomechanical properties of the nucleus pulposus and annulus fibrosus tissues, thus altering the mechanics 

of the spine [89]. Both the nucleus pulposus and annulus fibrosus experience changes individually, mainly 

in the altering of their material properties. Consequentially, because of the changes in the material properties 

of the substructures in the disc, such as collagen, proteoglycan, and water content, the major structural 

properties become hindered as well. The main structural effects tend to be the loss of swelling ability, and 

therefore volume of the nucleus, and tears or fissures forming in the annulus [90]. When these fissures are 

formed in the annulus, there is also frequently a cleft formation of some sort, particularly in the nucleus, 



  

35 
 

and the morphology becomes more and more disorganized, Figure 18. The vertebral endplates also go 

through some deformation and changes, such as porosity increasing anywhere from 50 to 130%, the natural 

curvature becoming less apparent and flattening out, and a significant decrease in the thickness by roughly 

20 to 50% [68, 78]. These changes make the vertebral endplate much more likely to fracture under the 

stresses of the spine and tensile stresses induced by the nucleus.  

 

 

Figure 18. A healthy, normal intervertebral disc on the left, shows a distinct difference between the 

swollen, softer looking nucleus and the ringed annulus. However, during growth and skeletal maturation, 

the boundary between these components becomes less obvious, and with the nucleus generally becoming 

more fibrotic and less gel-like, like the highly degenerate disc on the right [84]. (Used under fair use, 

2017). 

 

Along with major structural changes, many cellular changes occur throughout the disc as well.  

With age and degeneration, comes an increased incidence in these cellular changes, including cell 

proliferation, cell death, mucous degeneration, decrease in proteoglycan content, collagen fibril cross-

linking (mainly nucleus), granular changes, and concentric tears in the annulus [84]. To be more specific, 

nerve and blood vessels can be found in increasing numbers in the disc, during degeneration, causing cell 

proliferation in the nucleus, leading to cluster formation containing living, necrotic, and apoptotic cells. 

The cluster formations cause cell death to occur, because of the presence of cells with necrotic and apoptotic 

appearances. Unfortunately, these mechanisms tend to be very common with age, with more than 50% of 

cells in adult discs being necrotic [84]. 
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 As degeneration and symptoms get worse, the changes to the discs become more and more 

apparent. Therefore, a grading system has been put in place to determine the severity of the degeneration, 

ranking from Grade I to Grade V [91]. The ranks are based on disc structure, MRI signal intensity, 

distinction between the nucleus and annulus, and the height of the disc, Table 7. 

 

Table 7. Distinction between different grades of disc degeneration based on MRI scans [91].  

 

Grade Structure Distinction of 

Nucleus and 

Annulus 

Signal Intensity Height of 

Intervertebral Disc 

I Homogenous, bright 

white 

Clear Hyperintense, isointense 

to cerebrospinal fluid 

Normal 

II Inhomogeneous with or 

without horizontal bands 

Clear Hyperintense, isointense 

to cerebrospinal fluid 

Normal 

III Inhomogeneous, gray Unclear Intermediate Normal to slightly 

decreased 

IV Inhomogeneous, gray to 

black 

Lost Intermediate to 

hypointense 

Normal to 

moderately 

decreased 

V Inhomogeneous, black Lost Hypointense Collapsed disc 

space 

 

 Although the grading scale has shifted from the previous system focusing on the posterior 

abnormalities of the discs, distinguishing among bulging, protrusion, and extrusion, (Grade I through Grade 

III respectively), the MRI images used for the current grading scale still show the symptoms of all three 

past grades, Figure 19. It can be seen that Grade II – III shows a slight bulging of the nucleus (more 

prominent in Grade III), Grade IV shows the beginning stages of protrusion of the disc, and Grade V shows 

a fully blown-out disc in which the entire nucleus has be extruded into the spinal canal [91].  
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Figure 19. MRI scans showing the different grades of disc degeneration based on new grading system, A-

E referring to Grades I-V: A is representative of Grade I degeneration, B is representative of Grade II 

degeneration, C is representative of Grade III degeneration, D is representative of Grade IV degeneration, 

and E is representative of Grade V degeneration [91]. (Used under fair use, 2017). 

 

1.2.2 Osteoarthritis 

 Although not as common of a cause for disc degeneration as degenerative disc disease, 

osteoarthritis can have a significant impact on the structural changes of the intervertebral discs, causing 

major problems to arise later down the road. Osteoarthritis is a fairly common degenerative disorder of the 

articular cartilage associated with hypertrophic changes in bone, which tend to be involved in the facet 

joints and vertebrae of the spine, especially the lumbar spine [92]. Many risk factors can affect the 

probability as well as severity of osteoarthritis including genetic inheritance, female gender, past physical 

trauma, increased age, and obesity. Symptoms usually include joint pain that increases with movement, 

trouble or disability with activities of daily living, and lower back pain associated with narrowing disc 
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space. With the current U.S. population living longer and becoming more obese, osteoarthritis has become 

more common than it ever has before, affecting an estimated 27 million adults in the U.S. [92, 93].  

 Peripheral joints such as hips, knees, and hands, were most commonly thought of with regards to 

osteoarthritis, with prevalence in the spine often being ignored. However, the prevalence of disabilities and 

functional distress caused to the spine by osteoarthritis are actually quite high. In the lumbar spine, it is a 

very common condition, with a prevalence range of roughly 40 – 85% based on age, weight, and other 

factors specified. Also, the spinal degeneration process has been partly linked to osteoarthritis, with disc 

space narrowing from the formation of vertebral osteophytes, and facet joints structure changing due to the 

fact that it has similar pathological degenerative processes to appendicular joints [93]. Both the 

intervertebral discs and facet joints play vital roles in the motion of the spine, especially in the cervical and 

lumbar spines, therefore when they are heavily affected by osteoarthritis, the mobility of the spine can 

decrease significantly, and pain can ensue from even the slightest of movements.  

 Three main components are observed with regards to osteoarthritis in spine, referred to as the “three 

joint complex.” These components include the structures of vertebral osteophytes, facet joint osteoarthritis, 

and disc space narrowing. With the amount of nerve supply running through all of these spinal structures, 

lower back pain can be generated by any of them [93]. With further progression of disc degeneration in the 

spine, the facet joints as well as vertebrae undergo more osteoarthritis, due to disc space narrowing, which 

in turn puts even more stresses onto the intervertebral discs. Facet joint osteoarthritis is a multifactorial 

process, that is highly affected by disc degeneration, leading to greater loads and motions endured by the 

joints, Figure 20 [94].  
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Figure 20. When tested in multiple flexion/extension scenarios at different levels of disc degeneration 

(loss of disc height), sets of imprints were obtained based on the degree of pressure on the facet joint. The 

density of the imprint increases with extension of the motion segment and with loss of disc height [94]. 

(Used under fair use, 2017). 

This then leads to the breakdown of the layer of hyaline cartilage between the two subchondral 

bones, creating friction and grinding between them, and finally abnormal bone growth and pressure. 

However, facet joint osteoarthritis can still occur in the absence of disc degeneration, in which case causes 

more stress and motion on the intervertebral disc leading to quicker degeneration [95]. For the vertebral 

osteophytes, which refer to the abnormal bone growth on the vertebrae, disc space narrowing is highly 

associated with these bony outgrowth formations, which arise from the periosteum at the junction of the 

bone and cartilage, Figure 21.  
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Figure 21. Sagittal CT image of the cervical spine showing large anterior osteophytes (indicted by the 

arrows) extending from C5 to C7, with affect to intervertebral disc space shown [97]. (Used under fair 

use, 2017). 

Although it is highly correlated to disc degeneration, like that of the osteoarthritis in the facet joints, 

osteophyte formation in the vertebral column can occur without any signs of cartilage damage, implying 

that with the general aging process, they may form in an otherwise healthy joint [93]. In this case, the 

vertebral osteophytes can cause extra stresses on the discs, mainly in the annulus fibrosus, potentially 

weakening it for further degeneration, damage, and tears/fissures.  

 Osteoarthritis, along with the aforementioned degenerative disc disease and mechanical loading 

factors endured by the spine, can cause severe lower back pain because of the potential impingement and 

injury that can happen to the spinal cord in a couple ways such as bulging discs, disc prolapse and 

protrusion, and finally disc herniation/rupture and extrusion [96]. 
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1.2.3 Bulging Disc  

 Bulging discs are considered the starting stage for problems with impingement to the spine and are 

generally associated with fatigue failure from mechanical loading and disc degeneration grades of Grade 0 

(negligible degeneration), Grade I, and Grade II [98]. In the early stages of disc degeneration, when the 

annulus fibrosus starts to dry out and become more fibrous, the amount of mechanical strain it can take 

decreases. With high compressive loads that are put onto the discs that require the nucleus to push out 

causing pressure to the annulus, this can cause problems such as small tears part way through the lamellae. 

When some of these lamellae tear, usually in the posterior section of the disc, the pressure from the nucleus 

can make the discs bulge outwards due to the lack of support from the annulus, Figure 22 99].  

 

Figure 22. MRI image showing a slight bulge of the annulus into the spinal canal without severe 

impingement [100]. (Used under fair use, 2017). 

 When the disc bulges into the spinal canal, it can put pressure onto the spinal cord and other spinal 

nerves, one of the most prominent being the sciatic nerve, causing pain and sometimes even numbness [24]. 
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Although the pain from these bulging discs is bearable, if left untreated, they can lead to even more severe 

problems such as disc herniation. 

1.2.4 Disc Herniation (Prolapse/Rupture)  

 Disc herniation, also referred to as disc prolapse, rupture, and extrusion, occurs in later stages of 

disc degeneration, Grades III – V, and is brought about by increased mechanical loading and fatigue of the 

annulus that has typically already started to bulge [98]. As the annulus becomes more and more fibrous 

with degeneration, there is an increase in tears through the lamellae due to the forces of the nucleus. When 

the tears penetrate all the way through the annulus, the nucleus starts to push out and leak into the spinal 

canal, Figure 23 [99]. Unlike bulging discs, because the nucleus actually leaks into the spinal canal, it tends 

to have much more significant impacts on an individual’s life due to the severe impingement on nerves of 

the spinal cord, causing pain, numbness, tingling, and weakness [101]. 

 

Figure 23. MRI image showing a full lumbar disc herniation with substantial spinal stenosis and nerve-

root compression [100]. (Used under fair use, 2017). 
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 The most common area for disc herniation is in the lumbar spine, particularly in the lower lumbar, 

with roughly 56% of herniations occurring in the L4/L5 disc and roughly 41% occurring in the L5/S1 disc 

[101]. Both of these disc herniations can play significant roles in the quality of an individual’s life, since 

they both are involved with the sciatic nerve. The sciatic nerve, as mentioned in the above anatomy, runs 

all the way from the lower spine down through the back of the leg. When impinged, this can cause severe 

problems with motions such as standing up from a seated position, walking, bending over, and twisting of 

the upper body, and can cause pain, numbness, weakness and general discomfort throughout the entire low 

extremity. With disc herniation, surgery is almost always required to fix it, however with a bulging disc or 

other lower back pain, some other less invasive procedures exist [102].  

1.3 Current Treatment Techniques 

 Depending on the severity of disc degeneration, and whether or not a disc is bulging or herniated, 

there are multiple treatment options, both invasive (surgical) and noninvasive (nonsurgical). The most 

common treatments include physical therapy, epidural injections, and medications for noninvasive, and 

radiofrequency ablation, spinal fusion surgery, synthetic total disc replacements, and annulus fibrosus repair 

for invasive. Along with these two options, other less-traditional treatments are being researched such as 

stem cells, growth factors, and gene therapy with the theoretical potential to prevent, slow, or even reverse 

disc degeneration [103].  

1.3.1 Nonsurgical Treatments 

1.3.1.1 Physical Therapy 

 With disc degeneration, comes lack of support and stability of the spine due to the decreasing 

biomechanical functions of the intervertebral disc. In order to regain this loss of function, the muscles 

surrounding the spine and supporting spinal loads must increase in strength and stability, therefore 

decreasing the need for intervertebral disc support for the spine. A great solution to this problem is 

physical/functional therapy, of which benefits include increased strength, flexibility, and range of motion 

[104]. Improving motion in a joint is one of the optimal ways to relieve pain. This can be accomplished by 
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stretching and flexibility exercises which improve mobility in the joints and muscles of the spine and 

extremities. The next is increasing strength with exercises that strengthen trunk muscles, providing greater 

support for the spinal joints, and arm and leg muscles, reducing the workload required by the spinal joints. 

Aerobic exercising has also been shown to relieve lower back pain by promoting a healthy body weight and 

improving overall strength and mobility [104]. Other therapies include manual therapy/deep tissue 

massaging, posture and movement education for daily life, and special treatments such as ice, electrical 

stimulation, or traction. Physical therapy does not reverse the age-related disc degenerative changes, 

however, healing should be promoted by stimulating cells, boosting metabolite transport, and preventing 

adhesions and re-injury, which in turn will relieve pain caused by degenerative disc disease [105].   

1.3.1.2 Epidural Steroid Injections 

 Epidural steroid injections are one of the most common injections for relief of pain, by reducing 

inflammation caused by degenerative disc disease. The injections consist of cortisone, which has anti-

inflammatory properties reducing and further preventing additional inflammation, combined with a local 

anesthetic, which offers immediate short-term pain relief. Both of these components help to turn off the 

inflammatory chemicals produced by the body’s immune system that can lead to future flare-ups [106]. It 

is injected into the epidural space that surrounds the membrane covering the spine and nerve roots. Because 

it is administered so close to the area of pain, this treatment tends to have better effects and outcomes than 

that of oral and topical medications, however it can only be performed three times a year due to the negative 

side effects of the steroids in the body. The downside to this treatment is the fact that it is only short-term, 

with effects only lasting a couple of months. Also, it does not reverse the changes of degenerative disc 

disease already caused by aging, with over two-thirds of patients undergoing an additional invasive 

treatment within two years of the epidural injections [107].  
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1.3.1.3 Medications 

 For low to moderate lower back pain caused by degeneration of the discs and spine, oral and topical 

medications can be prescribed. These medications include over-the-counter acetaminophen (Tylenol) and 

non-steroidal anti-inflammatory drugs (NSAIDs), anti-depressants, skeletal muscle relaxants, neuropathic 

agents, opioids (narcotics), and prescription NSAIDs, each having individual and unique benefits depending 

on the severity and type of pain [108].  

 The acetaminophen and NSAIDs are usually taken for very low, dull chronic pain. Acetaminophen 

such as Tylenol is used to essentially block the brain’s pain receptors, while NSAIDs such as ibuprofen, 

naproxen, or aspirin are used to reduce inflammation. The NSAIDs however, need to be taken on a daily 

basis because they work to build up an anti-inflammatory effect in the immune system [109]. This means 

that only taking them when pain is present does not work to limit inflammation as well as taking them 

regularly.  Tricyclic anti-depressants are usually given for chronic lower back pain as well. These anti-

depressants work similarly to acetaminophen, blocking pain messages on their way to the brain. They also 

help to increase the body’s production of endorphins, a natural painkiller, and help individuals sleep better, 

allowing the body to regenerate and recover [108, 109]. Skeletal muscle relaxants, such as tizanidine and 

cyclobenzaprine, are needed for individuals who have acute back pain due to muscle spasms. When their 

muscles spasm, they put additional stresses onto the discs and spinal nerves causing intense pain through 

the spine. Neuropathic agents, such as Neurontin and Lyrica, are used when the nerves of the spine are 

impinged due to a bulging or herniated discs. These medications allow for the specific targeting of nerves 

to block signals sent to the brain in order to prevent pain. Opioids (narcotics), such as Vicodin and Percocet, 

are used in extreme cases of spinal pain given their addictive qualities. They work by attaching to receptors 

in the brain, similar to acetaminophen, however with much higher strength and effect, tending to cause side 

effects such as slow breathing, general calmness/drowsiness, and an anti-depressant effect. Prescription 

NSAIDs work exactly the same as over-the-counter NSAIDs, however they tend to work better given their 

increased strength and potency [108, 109].  
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1.3.2 Surgical Treatments 

1.3.2.1 Radiofrequency Ablation 

 Radiofrequency ablation is the technique of using heat put through the tip of a needle, either by 

continuous or pulsed radiofrequency, to denervate an injured disc causing pain to an individual. Nerves of 

which can be denervated to help with low back pain consist of the facet nerves, sympathetic nerves, 

communicating rami, and nerve branches in the disc itself. After anesthesia is administered to the procedure 

site, a needle or electrode is inserted into the disc or near the small nerve branch, under X-ray, fluoroscopy, 

CT, or MR guidance [110, 111]. When in the right position, the tip of the needle or electrode is heated up 

to the point in which it causes damage, or heat lesions, to the nerves, destroying them to the point that back 

pain is relieved. Pain can be relieved usually for 6 to 12 months, and in some cases can last for a few years. 

It is one of the less invasive operations, and therefore is considered an outpatient surgery, in which the 

patient is put under local anesthesia and can go home that day without being hospitalized [110, 111]. This 

procedure is usually recommended for patients who have already undergone procedures such as epidural 

steroid injections, facet joint injections, sympathetic nerve blocks, or other nerve blocks with pain relief 

lasting shorter than desired. The average cost of this procedure ranges anywhere from $2,000 to $5,000 

based on practitioner, amount of nerves destroyed, and location of spine. If, however degenerative disc 

disease becomes too severe, this method will not be suitable for long term, and other surgeries or total disc 

replacements will have to be considered.  

1.3.2.2 Spinal Fusion Surgery 

 Spinal fusion surgery has been widely accepted as a useful treatment option for correcting severe 

disc degeneration disease, however its efficacy and success remain controversial. Multiple approaches for 

this procedure can be taken such as posterolateral fusion, anterior lumbar interbody fusion, posterior lumbar 

interbody fusion, and lateral lumbar interbody fusion, each being a minimally invasive technique to lumbar 

spinal fusion [103]. For this treatment, the damaged disc is completely removed from the spine and replaced 

with a titanium cage filled with a calcium phosphate, or hydroxyapatite [112], that sits in between the two 

vertebrae. Titanium plates are then attached to the vertebrae above and below the titanium cage, using 
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titanium pedicle screws as fasteners, to offer additional support to the spine after surgery, Figure 24. This 

allows for stability of the spine and correct anatomic alignment of the spinal segments by sharing the loads 

acting on the spine, until the point in which solid biological fusion occurs into a single bone [113]. This is 

important because if the adjacent segment motion is altered, it can lead to further degeneration of additional 

discs and motion segments [103]. Once this occurs, the patient can opt to have the plates and screws 

removed via another surgery. 

    

Figure 24. Example image of spinal fusion surgery using titanium cages loaded with hydroxyapatites and 

pedicle screws and rods to keep stability and anatomic alignment in spinal segment [117]. (Used under 

fair use, 2017). 

Although spinal fusion surgery tends to alleviate discogenic pain associated with degenerative 

changes, due to eliminating motion between certain vertebrae, some other problems can arise that could 

potentially be more detrimental in the long run. When two vertebrae are fused together, there becomes no 

load absorbing center, which severely limits shock absorption and increases loads and stresses on 

surrounding tissues and discs, as well as limiting mobility [103, 113]. This gives way to additional 

intervertebral disc degeneration in the adjacent levels, which will then potentially need to be fused as well. 

However, since the lumbar is the main contributor to the mobility of the spine, preserving that mobility is 

vital to everyday activity. For this reason, most doctors refuse to fuse more than three levels of the spine 
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together so to not hinder the movements of everyday life and cause more problems than leaving the 

damaged disc in the spine [114]. It is estimated that over 137,000 cervical and 162,000 lumbar spinal fusion 

surgeries are performed every year in the United States alone, totaling over 325,000 fusions, each costing 

over $34,000 for the average hospital bill, excluding professional fees and equipment fees [115, 116]. In 

the last few years however, interest in total disc replacement instead of spinal fusion surgery has grown due 

to their ability to retain motion of the lumbar motion segments [115]. 

1.3.2.3 Total Disc Replacement 

Total disc replacements (TDR) offer the mobility that is required for the lumbar section that spinal 

fusion surgery does not, however, they are still not as mainstream as fusion surgery [115]. In order for a 

TDR to be considered effective, the implant must fulfill four main requirements: (1) A solid, nondestructive 

interface with the adjacent vertebral bodies; (2) provide mobility to mimic the range of motion of the natural 

disc; (3) resist wear and tear in the body to reduce debris contamination in the body; (4) have the ability to 

absorb shock and distribute loads evenly and effectively [118]. With all of these requirements, the lumbar 

section TDR must perform at a higher level of efficiency than that of the cervical spine due to the extra 

loads it must bear. Compared to the cervical spine, the lumbar spine supports more weight and encounters 

moments of much greater magnitude, therefore needs a TDR that performs at a higher level. Lumbar TDR 

can be classified according to their configuration, materials, bearing type, and regulatory status, Table 8. 

The configurations of the TDR devices are designed to maximize range of motion within the realm of 

natural disc mobility and permit the most freedom. Each configuration of TDR is dependent upon the type 

of modules involved in the working disc, therefore current designs are built around a bearing for maximum 

mobility [118]. The bearing systems used include one-piece (1P), Metal-on-Metal (MoM), or Metal-on-

Polymer (MoP), with MoM and MoP bearings using a ball and socket design to allow for motion in all 

directions. Only two lumbar disc prostheses have currently been approved for use by the FDA, the Charite 

from DePuy Spine and the Prodisc-L from Synthes, although many more are becoming prevalent through 

trial testing such as Maverick, Kineflex, Freedom, and Mobidisc [118]. 
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Table 8. Summary of current TDR classification, materials, bearing type, and regulatory status [118].  

 

Although there are a lot of different TDR options, each has their disadvantages, with only the two 

previously mentioned even being FDA approved. Ball and socket bearing systems give way to the 

possibility of hypermobility within the motion segment, greater amounts of debris from wear, and stress 

concentration within bearing itself which causes higher stresses to act on the vertebrae. It has also been 

shown that these systems show no elastic shock absorption properties, even between MoM and UHMWPE 

cores (MoP) [119]. The one-piece bearing systems were designed to potentially counteract the above flaws 

by adequately mimicking the natural disc behavior; reducing the number of surfaces on which wear can 

occur, reducing the hypermobility of the joint, and distributing load and absorbing shock [118, 119]. The 

flaws with the one-piece systems however, are that the elastomer core used suffers greater chance of 

material tears either within the material or between adhesion between the different materials, they 

experience short fatigue life, and are still fairly young designs needing further evaluation of wear and 
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corrosion resistance [118]. Creep deformations and hysteresis properties of the elastomeric material may 

be limiting factors as well [119]. Each TDR system experiences failure through two mechanisms of 

degradation of the implant, wear and corrosion. These degradations are to be expected with articulating 

bearings in harsh environments, however act more heavily on some materials as opposed to others, Table 

9.  

Table 9. Common problems of different implant materials and their effects leading to failure [118]. 

 

When using MoM devices, the degradation due to wear is minimal when compared to MoP devices 

and PEEK-on-PEEK devices (PoP), however it does not make it any less dangerous to the body. Although 

the volume of wear particles might be smaller, the CoCr wear particles are chemically reactive within the 

body causing corrosion, tribocorrosion, and toxic and biological responses, such as metallosis, biological 

reactions, osteolysis, and inflammation. When MoP devices wear, the particles produced tend to be fine, 
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needle and fiber-shaped particles which are less chemically reactive than the metal particles although bigger 

in size. The PoP devices shows properties of resisting expulsion of nucleus particles, and superior fatigue 

resistance and wear resistance, however severe biological reactions occur causing device rejection and 

migration of device into surrounding muscle tissue [118]. Each of these systems have their benefits and 

disadvantages when compared to each other, however when compared to spinal fusion surgery, shows great 

advantages in the range of mobility. If a disc has undergone some degeneration, but is not yet to the point 

of spinal fusion or total disc replacement, other actions can be taken such as annulus fibrosus repair. 

1.3.2.4 Repair of Annulus Fibrosus 

 The annulus fibrosus is involved in almost any pathological condition of the degenerating spine, 

therefore when its function becomes impaired, plays a fundamental role in two specific clinical situations. 

It acts as the main source of discogenic low back pain, and as the origin of disc herniation due to its 

insufficiency caused by degenerative disc disease. As previously discussed, when small fissures occur in 

the annulus, a repair process takes place in which granulation tissue is formed along with neovascularization 

and concomitant ingrowth of nerve fibers. This causes chronic discogenic pain throughout the disc due to 

the pressure being sustained by the nerves. Annulus fibrosus repair is the procedure to fix those tears before 

the disc herniates, and is usually performed in relatively young patients with very minor degenerative 

changes. Efficient annulus repair could significantly limit the need for future surgeries in certain cases in 

which there is potential of disc herniation, however no herniation has currently occurred. When the ruptures 

are treated, the focus is on improving cell-biomaterial interaction, using an initial implant to provide 

immediate closure of the tear and maintain mechanical properties of the disc, while the cellular component 

starts the regenerative process within the disc [120]. The most straight-forward solution is suturing the 

annulus tear shut helping give the disc a stronger tendency to heal itself, however, its sole purpose is the 

containment of the nucleus pulposus and does not compensate for the loss of the annulus nor reverse the 

biomechanical changes [121]. One way to adjust for the lack of compensation is the addition of some sort 

of growth factor in order to enhance the regenerative process of the annulus tissue. One such growth factor 
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is Transforming Growth Factor (TGF), which is used in combination with a bioactive microfibrosus poly(L-

lactide) scaffold. This electrospun scaffold allows for the closure of the defect site while releasing the TGF 

induces an anabolic stimulus on the annulus cells, mimicking the ECM environment of the tissue. The 

scaffolds and TGF release have already proven to encourage rapid growth showing significantly greater 

amounts of glycosaminoglycans (GAGs) and total collagen in the annulus tissue than without [122]. 

Annulus fibrosus repair gives great advantages to those who have yet to have a full disc herniation and who 

are only experiencing minimal degeneration, giving them the opportunity to forgo the potential chance for 

future surgery. This solution however, is not a cure since there is a good chance for the healed site to once 

again give way during the individual’s lifetime.  

1.3.3 Conclusions, Challenges, and Future Directions 

 Although great strides have been made in the field of degenerative disc disease, there is still a lot 

more progress to be made, given the challenges faced with every treatment option currently available. In 

early stages of degenerative disc disease, noninvasive treatments or treatments such as radiofrequency 

ablation and annulus fibrosus repair can be of great help, however they only help the symptoms instead of 

the actual cause. Noninvasive treatments face the challenges of only dealing with some of the symptoms of 

the pain rather than dealing with the actual degeneration of the discs, therefore allowing the discs to continue 

to degrade to the future point of needing invasive treatments. Radiofrequency, although good for reducing 

pain, has the challenge of only lasting short term, a few months to a year in most cases. Also, it is an 

expensive procedure to have done every six months [110]. Annulus repair seems to be a better option for 

young adults with degeneration to the point just before herniation to significantly reduce need for future 

surgery, but faces challenges of, again, only fixing the symptoms of the main problem as well as not being 

to mend any biological changes/losses within the annulus [120]. When disc degeneration gets even worse, 

greater procedures need to take place such as spinal fusion surgery and TDR. Spinal fusion surgery is, as 

of today, the most common life-long solution to severe disc degeneration, however is struck with multiple 

challenges such as significantly limiting mobility and adding additional stresses to the adjacent motion 
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segments potentially causing greater degeneration in other intervertebral discs [113]. TDR has been shown 

to help retain the mobility that spinal fusion cannot, but can sometimes lead to hypermobility of the joint, 

can wear and corrode causing a biological reaction in the body, and more often than not, does not distribute 

load nor absorb shock, but rather transfers it directly into the adjacent vertebrae [118]. With all of these 

options facing difficult challenges, a couple of future outlooks have been identified. Almost all of the future 

solutions include some form of gene therapy, regeneration, or scaffold with cell releasing properties. Gene 

therapy and regeneration with growth factors and other cells such as TGF-β1 and ADAMTS5 have been 

researched in rats for early stage trials showing greater GAGs and total collagen for the TGF-β1, and 

successful suppressing of degradation of nucleus pulposus tissue for ADAMTS5. Along with these, in 

rabbit models, a similar approach was used to target caspase 3 in order to disrupt the execution of apoptosis 

[103]. Another system was researched, using a scaffold of collagen and hyaluronan, or entrapped chitosan 

gel, in which disc cells and growth factors were implanted. This will be used in an attempt to produce a 

tissue with a similar molecular composition to native nucleus pulposus tissue [123]. In most current efforts, 

FDA-cleared Phase III adult stem cells were used in a test study to treat chronic lower back pain associated 

with DDD. The use of mesenchymal precursor cells directly injected into the lumbar disc will hopefully 

show some ability to regenerate lost tissue of the disc [124]. Another future direction is to look more into 

the regeneration and repair of the annulus tissues as opposed to the nucleus tissues. Efforts for novel 

therapies have mainly been directed towards nucleus tissues regeneration and replacement, however a main 

challenge is the development of strategies and techniques that deal with the degenerated annulus, preferably 

in a combined approach with the nucleus [125]. This will hopefully help propel the future of annulus repair 

ceasing the need for herniation surgeries such as fusion surgery or TDR, and fix the main problem before 

it occurs instead of just treating the symptoms. 
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2. Scope and Objectives 

The main goal of this study was to create an artificial annulus fibrosus similar to that of the natural 

intervertebral disc, as well as find preliminary results for vertebral endplate connection and nucleus 

pulposus internal pressure, in order to correct disc degeneration in the spine. The three-part composite 

samples needed to demonstrate good shock absorption and load distribution while maintaining strength and 

flexibility, and removing the need for metal in the body, something of which no current total disc 

replacement or spinal fusion surgery can offer. The composite samples will also need to last for life, or at 

least equivalent to most TDR of 50 years, being able to withstand cyclic loading under the stresses and 

strains observed during everyday activities, without undergoing fatigue failure. The annulus will need to be 

mimicked in tension and compression to show that the disc will not fail due to an exceedingly high moment 

from bending or torsion. The nucleus will need to show an increase in internal pressure causing the samples 

to barrel like a natural disc, instead of failing due to buckling. The vertebral endplates will need to show 

great connection, so that the nucleus will not leak out and cause failure due to herniation of the disc. The 

endplates will also need to incorporate a method for bone growth in order to mechanically interlock to the 

adjacent vertebrae. The entire composite sample as a whole will need to allow its properties to be fine-tuned 

based on the level of lumbar intervertebral disc replaced, in order to make sure it mimics the natural disc 

properties as similarly as possible. When being compared to the natural disc the composite samples will 

need to show similar properties in most aspects, with the exception being the incorporation of living cells. 

When being compared to spinal fusion surgery and total disc replacement, the composite samples created 

will need to show significant benefits for forward progression in the field of disc degeneration disease 

treatments.  
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3. Materials and Methods 

3.1 Material Selection 

For the polymer matrix, two Covestro polyurethanes were tested, Texin RxT70A and Texin 

RxT85A (PU 70 and PU 85 respectively).  Both polyurethanes are biocompatible and currently used in 

medical devices, do not biodegrade in the body, and have outstanding abrasion and permanent deformation 

resistance, impact strength, flexibility, soft qualities to allow for cushioning of loads, and excellent 

hydrolytic stability [128].  PU 70 has a shore hardness of 70A, a tensile strength of 25.5 MPa, ultimate 

elongation of 70%, and a flexural modulus of 14.5 MPa, while PU 85 has a shore hardness of 85A, a tensile 

strength of 36.6 MPa, ultimate elongation of 610%, and a flexural modulus of 26.9 MPa [128].  With these 

factors taken into account, and with some preliminary testing (SI Figure S1 and S2), it was decided that 

the PU 85 was the best option for the polymer matrix.  However, this material by itself was not strong 

enough to support the weight bearing of the spine, so cellulose nanocrystals were used as a stiffer 

reinforcement. CNCs are biocompatible, rod-like nanoparticles that could be used to fine tune the 

mechanical properties of our composite given their strong, stiff, and resilient qualities. The chemical 

dimethylformamide, DMF, was used as the solvent for both the polymer and the CNCs to create a solution 

of each to later be used for cast samples. 

3.2 Cast Sample Method 

Two solutions were made, a 40 mg/mL solution of CNCs in DMF and an 80 mg/mL solution of 

PU 85 in DMF.  The CNC solution was made by weighing out 8 g of dry CNCs and mixing them in 200 

mL of DMF via shaking and sonication until completely dispersed.  The PU 85 solution was made by 

weighing out roughly 32 g of PU 85 resin and mixing it with 400 mL of DMF.  The solution was then put 

on a hot plate at 140oC, and stirred at 1000 rpm until all the PU 85 resin had dissolved.  Once the two 

solutions had been made, they were added together to make 10 g samples in composition ratios of 100 wt% 

PU 85 (PU 100/0), 90 wt% PU 85 to 10 wt% CNCs (PU 90/10), 80 wt% PU 85 to 20 wt% CNCs (PU 



  

56 
 

80/20), and 70 wt% PU 85 to 30 wt% CNCs (PU 70/30).  When the solutions had been added together into 

the specified compositions, they were placed in an oil bath at 140oC while stirring at 750 rpm until enough 

DMF was evaporated out to make a gelatinous substance.  The gelatinous substance was then transfer into 

a Teflon dish, put onto a hot plate at 80oC, and left over night for the rest of the DMF to evaporate out.  

After drying out overnight, the samples were removed from the hot plate, and put into a vacuum oven at 

80oC and -27 in.Hg for 4 hours or until all DMF was removed. The same procedure was replicated for PU 

70. 

3.3 Fabrication of Samples for Testing 

3.3.1 Samples for Tension Testing 

Once all of the DMF was removed, each sample was then hot pressed at roughly 138oC at 3 MPa 

of pressure for 5 minutes, using 0.9 – 1.0 mm aluminum spacers to ensure uniformity of thickness 

throughout the film.  The films were cut into approximately 2.0 cm wide ribbons using a razor blade.  Three 

of each composition of ribbons were placed into a beaker filled with deionized water (DI water), in order 

to swell the CNCs, while three of each composition remained dry (Figure 25). After tension tests, it was 

determined that PU 85 would be the only polymer matrix used with compositions PU 100/0, PU 90/10, and 

PU 80/20, and that all samples will be swelled in DI water before testing. 
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Figure 25. Samples made for DMTA tension testing (dry on the left, wet on the right). 

3.3.2 Ringed Samples for Compression Testing 

 The same procedure as the samples for tension testing was used to create ribbons for the ringed 

samples, however the ribbons were roughly 0.3 mm thick and 9.0 mm wide. Each composition had a 

cumulative of 500 mm and 650 mm of ribbons measured out in length to be coiled together (about 10-12 

ribbons of varying length per sample), and used an inner diameter of roughly 15 mm and 12 mm, 

respectively (Table S3 for dimensions). The 650 mm samples used a greater ratio of annulus fibrosus to 

nucleus pulposus diameter to determine the effects that adding additional rings had on the mechanical 

properties, while the 500 mm samples used the same dimension ratio as a natural intervertebral disc. After 

each samples lengths were measured, the inner diameter was measured on one strip of ribbon, and DMF 

was used to melt the ribbon in position to form a ring with that specified diameter. All the remaining ribbons 

were wrapped around the inner ring, with the most outer ring being glued together using DMF just as the 

inner ring was, final samples shown below (Figure 26). This ensured that the middle rings would not 

unravel, however were still able to delaminate so that they would act as individual rings when tested. The 

DMF glued rings were then dried in the vacuum oven using the same procedure as mentioned before to 
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remove all of the DMF.  Every ringed sample was then swelled in DI water for at least 48 hours before 

testing to ensure swelling throughout entire sample. 

      

Figure 26. Ringed samples created from ribbons. In order from top to bottom, PU 100/0, PU 90/10, PU 

80/20. The left image shows the 650 mm samples and the right shows the 500 mm samples. 

3.3.3 Ringed Samples with Attached Nucleus and Endplates 

 Additional ringed samples were created using the same procedure as specified above. Using the 

same composition as each of the ringed samples, the composite material was pressed into roughly 0.3 mm 

thick films to be used as endplates.  Four circles were cut out of each composition for each ringed sample 

made, matching the circumference of the ringed samples. Once the endplates had been made, two were 

attached to each end, using DMF, to seal off the ringed samples and create a 0.6 mm thick endplate on each 

side matching that of a natural lumbar disc (Table S4 for dimensions). A syringe was then used to fill the 

middle of each specimen with water to preliminarily simulate the inside pressure of the nucleus, puncturing 

only one side of the sample. The small hole that was created by the syringe was then closed off using the 

PU 85 solution in DMF (Figure 27).  
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Figure 27. Ringed samples after endplates were attached and middle swelled with water. 

3.4 Mechanical Testing 

 Both tension and compression tests were run on the samples for characterization of mechanical 

properties such as strength and elastic moduli. Tension tests and initial compression tests were done with 

the dynamic mechanical thermal analysis machine (DMTA). Stress vs. strain curves were recorded, using 

isometric force tests, in which the force increased by 3 N per minute until a maximum of 18 N was reached. 

This was repeated three times for each composition, as well as swelled and dry for tension testing. The 

DMTA did not have enough force to sufficiently test the compressive strength of the ringed samples, 

therefore an Instron tension-compression machine was used to determine the compressive properties of 

these samples. The Instron used a 1 kN load cell, compressing the samples at a continuous 5 mm 

displacement per minute. This was repeated three times for each composition used for the ringed and 

nucleus samples (PU 100/0, PU 90/10, PU 80/20) swelled only. 
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3.5 Isolation of Phosphorylated Cellulose Nanocrystals (p-CNCs) 

 Isolation of p-CNCs used an adapted procedure from a referenced paper, “Isolation of thermally 

stable cellulose nanocrystals by phosphoric acid hydrolysis” [129]. Based on the data from the study 

referenced, to get the optimal results only a 10.7 M solution of phosphoric acid was used, the oil bath was 

pre-heated to 100o C, and the mixture was stirred in the oil bath for 90 minutes. When centrifuging, the 

settings were set to 10,000 rpm for 10 minutes, as opposed to the 3600 rpm for 15 minutes. The dialysis 

and lyophilizing process remained the same. 

3.6 Conductometric Titration of p-CNCs 

 The conductometric titration process used for the p-CNCs was an adapted procedure from a 

referenced paper, “Isolation of thermally stable cellulose nanocrystals by phosphoric acid hydrolysis” 

[129]. Only a neat medium containing hydrochloric acid and water, and the same medium containing p-

CNCs were titrated, since sulfated CNCs (s-CNCs) and uncharged CNCs (H-CNCs) were not needed for 

the hydroxyapatite/bone growth application, therefore charge density of s-CNCs and H-CNCs was not 

needed.  

3.7 Transmission Electron Microscopy (TEM) 

 A TEM: JEOL 2100 microscope was used with an accelerating voltage 200 kV and a current of 

108 µA for TEM micrographs. Samples were prepared by dropping 20 µL of an aqueous p-CNC dispersion 

(p-CNC content of 0.1 mg/mL) onto a carbon supported copper grid [129]. After one minute of letting the 

aqueous dispersion set, a stain was applied to it for 15 seconds (NANOVAN), then the sample quickly 

dunked into a beaker of DI water. The sample was put into a TEM box, and subsequently dried in a 

desiccator overnight.  
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3.8 Statistical Analysis 

 A two-way ANOVA was conducted to determine the main effect and the interaction effect between 

the two independent variables on the dependent variable using an alpha level of 0.05. The two independent 

variables, factors, used were the total lengths of the samples and the concentration of CNCs per sample, 

acting on the dependent variable of the samples’ mechanical properties.  
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4. Results and Discussion 

4.1 Fabrication 

The processing and fabrication method for the samples resulted in only slight effects to the 

repeatability of the samples’ dimensions, (Table S3 and S4). Although the standard deviations between 

each samples are almost negligible, the slight difference in widths between each ribbon used for the ringed 

samples was just enough to cause some variations in the compression tests. This was due to the fact that the 

greater width ribbons came into contact with the Instron compression plates before others, however the 

effects caused could only be seen within the first 5 - 20 N causing a negligible effect to the results observed 

and determined. When the endplates were attached to the ringed samples, it created much more uniformly 

level surfaces that came in contact with the Instron compression plates. Therefore, compression tests were 

not affected by surface height differences, however they were affected by the connection strength between 

the endplates and the ringed samples. When sealed with DMF, the connection was made to be as complete 

as possible, however slight defects could be detected making the connection not ideal or as secure as needed. 

These defects are where the samples tended to fail during compression tests, leading to the leaking of the 

water put into the system to synthesize the nucleus and resulting in depressurization of the center of the 

system.  

4.2 DMTA Tension Testing 

DMTA tension testing was performed on each of the polyurethane/CNC composites. When tested 

dry, PU 90/10, PU 80/20, and PU 70/30 composites had a much higher tensile modulus and tensile strength 

than what was required to match the natural annulus fibrosus. When tested after being swelled for at least 

48 hours, the tensile modulus and tensile strength significantly decreased to better resemble that of the 

natural annulus fibrosus (Figure 28 and 29, Table 10). Although the samples were not tested in increased 

temperature, simulating body temperature, all materials used are thermally stable up to well beyond body 

temperature. These results indicate that when submerged in a fluid such as water, like that of the actual 
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spine, the composite material will act more like the natural disc, sitting between the values of 18 – 45 MPa 

for the linear tensile modulus. Ultimate stress and strain could not be determined since each sample tested 

reached either the maximum displacement or force allowed by the DMTA. 

 

 

Figure 28. Tension tests of dry and swelled PU 85 samples using DMTA, denoted (Ex: PU 100/0 D for 

dry and PU 100/0 S for swelled). 
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Figure 29. Tensile modulus of dry and swelled PU 85 samples, using same denotation as specified above, 

Figure 28. Lines indicate property range of natural lumbar discs [126]. 

Table 10. Tensile moduli, yield strength, and yield strain of samples from tension tests, which can be 

compared to natural annulus fibrosus (Table S1). 

 PU 100/0 PU 90/10 PU 80/20 PU 70/30 

Dry Modulus (E’), MPa 16.0 ± 0.3 38.7 ± 12.4 98.1 ± 29.4 278.9 ± 144.1 

Swelled Modulus (E’), MPa 17.1 ± 0.2 24.4 ± 0.2 32.3 ± 0.3 33.4 ± 2.4 

Dry Yield Strength, MPa 2.2 ± 0.0 2.5 ± 0.2 3.2 ± 0.5 3.5 ± 0.6 

Swelled Yield Strength, MPa 2.4 ± 0.0 2.3 ± 0.1 2.2 ± 0.1 2.3 ± 0.1 

Dry Elongation at Yield, % 18.2 ± 0.9 8.4 ± 1.5 5.4 ± 2.5 2.3 ± 1.0 

Swelled Elongation at Yield, % 19.31 ± 0.9 13.6 ± 1.6 9.7 ± 0.6 7.6 ± 0.4 

 

The PU 85 samples demonstrated tensile moduli very similar to those of the natural annulus 

fibrosus, however PU 70 samples (SI Figure S1 and S2), demonstrated properties below ideal, and 

fractured when a composition of 30 wt% CNCs was used. Therefore, this polyurethane was disregarded in 

any further testing. As well as the PU 70 samples being disregarded, the 70/30 wt% PU/CNC composition 

for the PU 85 was too brittle to form into the ringed samples for compression testing, fracturing when 

wound, therefore was not used in further testing either. 
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Since the same material was being used for compression testing as was for tension testing, the 

DMTA was used for initial testing of the ringed samples. However, the compression tests on the ringed 

samples as well as the samples with the nucleus and endplates proved too strong for the DMTA, reaching 

the maximum 18 N allowed with very little strain (Figures 30 and 31).  

 

Figure 30. Compression tests of swelled, ringed samples (650 mm in length) using DMTA. 
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Figure 31. Compression tests of swelled, nucleus with endplate samples (650 mm in length) using 

DMTA. 

4.3 Instron Compression Testing 

Therefore, an Instron compression/tension machine was used to determine the compressive 

modulus, yield stress, and yield strain of both the ringed samples and samples with a nucleus and endplates 

(Table 11 and 12). The 500 mm and 650 mm ringed samples (500 R, 600 R), and 500 mm and 650 mm 

nucleus with endplates samples (500 NE, 650 NE) tested, all showed much greater compressive moduli and 

yield stress than that of the natural disc, however fell closer to the correct range for yield strain (Table S2). 

Each sample also showed a toe region in the beginning of the compression tests followed by a linear region 

and then yielding. This corresponds to the natural activity seen in tendons and tissues containing collagen 

fibrils with a proteoglycan matrix, such as those of the annulus fibrosus and nucleus pulposus components 

of the spinal disc [126, 136]. Ultimate compressive stress and strain could not be determined since each 

sample reached the 1 kN maximum for the load cell before showing complete compressibility.  
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The 500 R sample showed a toe region for the modulus until around 9-10% strain, in which the 

slope became more linear. The linear portion of the stress-strain curve was used to evaluate the compressive 

modulus, and yield strain and yield stress was determined from the hump in the beginning of the graphs, in 

which the samples started to fail and buckle in on themselves (Figure 32). The difference between samples 

were as predicted increasing significantly in compressive modulus and strength as the composition of CNCs 

increased, however the samples all failed with only a slight increase strain, no matter the CNC content 

(Table 11). 

 

Figure 32. Compression test of swelled 500 R samples using Instron machine until 1 kN load was 

reached. 

 The 650 R sample showed a toe region for the modulus until around 8-10% strain before becoming 

linear, with much similarity to the 500 R sample. As well as the linearity of the slope beginning around the 

same strain, the 650 R samples had yield strains almost equivalent to those of the 500 R samples. The 650 

R samples however, had a significantly greater magnitude of compressive modulus and yield stress than 

that of the 500 R samples, showing greater stiffness, resilience to deformation, and strength against loads, 

with the addition of more rings. The yield stresses and strains were determined from the humps observed 
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in the beginning of the graphs, failing in a similar manner to the 500 R samples (Figure 33). Also, similar 

to the 500 R samples, the 650 R samples showed a significant increase in compressive modulus and yield 

stress as CNC content increased, however showed very little variation in yield strain, hovering around the 

same values (Table 11).  

 

Figure 33. Compression test of swelled 650 R samples using Instron machine until 1 kN load was 

reached. 

 For all of the ringed samples, the area used for stress calculations included both the inner and outer 

diameter, causing the compressive modulus and yield strength to be greater than that of the nucleus with 

endplate samples. Therefore, the results could be misleading, directly comparing the strength and modulus 

of just the ringed samples to those of the nucleus with endplate samples, since the cross-sectional area used 

was so much smaller. 
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Table 11. Compressive mechanical properties of swelled ringed samples from Instron compression tests, 

which can be compared to natural annulus fibrosus (Table S2). 

500 R Sample PU 100/0 PU 90/10 PU 80/20 

Modulus (E’), MPa 5.9 ± 1.4 9.1 ± 1.3 14.1 ± 2.2 

Yield Strength (YS), MPa 0.4 ± 0.0 0.6 ± 0.0 0.9 ± 0.1 

Yield Strain (%) 14.7 ± 0.9 15.6 ± 1.5 16.8 ± 1.5 

Strain at 950 N (%) 83.3 ± 0.9 78.9 ± 2.6 77.9 ± 1.0 

 

650 R Sample PU 100/0 PU 90/10 PU 80/20 

Modulus (E’), MPa 10.5 ± 1.0 13.8 ± 1.5 18.8 ± 1.7 

Yield Strength (YS), MPa 0.7 ± 0.0 0.9 ± 0.1 1.3 ± 0.1 

Yield Strain (%) 13.9 ± 0.4 16.2 ± 1.4 14.8 ± 0.5 

Strain at 950 N (%) 63.7 ± 0.5 58.4 ± 1.1 52.5 ± 3.1 

 

 The 500 NE samples showed a much smaller toe region for the modulus when compared to either 

of the ringed samples, becoming linear closer to 5-8% strain. The compressive modulus was evaluated 

using the linear portion of the stress-strain curve, and yield stress and yield strain determined from the hump 

in the beginning of the graphs, in which the samples failed by leaking of the nucleus through the connection 

of the endplate to the annulus (Figure 34). The hump in the beginning of these stress-strain curves were 

not as prominent as the ringed samples because of the way in which the nucleus with endplate samples 

failed, discussed further in a later section (Figure 36). With an increase in CNC content, the compressive 

modulus and strength of the samples tended to significantly increase, like that of the ringed samples. The 

yield strain showed interesting results, remaining very close in value to not only each other, but also to 

those of the ringed samples (Table 12).  
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Figure 34. Compression test of swelled 500 NE samples using Instron machine until 1 kN load was 

reached. 

 The 650 NE samples showed the smallest toe region for the modulus, consistently for all 

compositions, when compared to any of the other samples, becoming linear closer to the 4-6% strain. Like 

the 500 NE samples, the compressive modulus was evaluated using the linear portion of the stress-strain 

curve, and yield stress and yield strain determined from the hump in the beginning of the graphs. The 650 

NE samples failed in the same manner as the 500 NE samples, however the PU 90/10 and PU 80/20 samples 

had much less of a dramatic decrease at the yielding point, showing the most promising results and 

similarity to the stress-strain curves of the natural disc (Figure 35 and S5). Like all of the other tested 

samples, an increase in modulus and strength was seen with increase in CNC content, however different 

from the other samples, the yield strain significantly decreased with increasing CNCs (Table 12). Also, the 

extreme similarity between the PU 90/10 and PU 80/20 was not seen in any other previous samples, the 

only slight difference being an increase in the modulus of PU 80/20.  
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Figure 35. Compression test of swelled 650 NE samples using Instron machine until 1 kN load was 

reached. 

 For the nucleus with endplate samples, the area used for stress calculations included only the outer 

diameter creating a lesser modulus and stress than the above ringed samples, from the increase in cross-

sectional area. However, when observing strain results between ringed and nucleus samples at highest tested 

load, the strains decreased with the addition of the nucleus, showing greater strength during applied loads, 

given the failure mechanisms of the different samples.  

Table 12. Compressive mechanical properties of swelled nucleus with endplate samples from Instron 

compression tests, which can be compared to natural lumbar disc (Table S2). 
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500 NE Sample PU 100/0 PU 90/10 PU 80/20 

Modulus (E’), MPa 3.8 ± 0.7 6.1 ± 0.7 9.2 ± 0.4 

Yield Strength (YS), MPa 0.3 ± 0.0 0.4 ± 0.0 0.6 ± 0.0 

Yield Strain (%) 15.4 ± 1.7 13.9 ± 2.1 15.3 ± 0.4 

 Strain at 950 N (%) 71.3 ± 2.6 63.4 ± 0.7 56.8 ± 3.4 

 

650 NE Sample PU 100/0 PU 90/10 PU 80/20 

Modulus (E’), MPa 8.8 ± 1.4 9.6 ± 1.0 10.7 ± 0.6 

Yield Strength (YS), MPa 1.0 ± 0.3 0.6 ± 0.1 0.6 ± 0.0 
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 Statistical analysis, using a two-way ANOVA, showed that there was a statistically significant 

interaction between the total length of sample used and the concentration of CNCs within the samples on 

the mechanical properties of the samples. Simple main effects analysis determined that higher CNC 

concentrations as well as longer length samples showed significantly greater mechanical properties of the 

samples. 

4.4 Failure Mechanics 

The ringed samples failed from deformation by buckling, and plastically deformed once a certain 

stress and strain was reached. This can be explained by the lack of internal pressure within the system, 

keeping the samples from deforming in on itself. The nucleus samples however did not fail by deformation, 

but instead failed from leaking of the nucleus, and had negligible plastic deformation when pressure was 

released. The nucleus samples did still deform, but by barreling, not buckling, showing stabilization of the 

structure with the addition of the endplates (Figure 36). When the samples were compressed, the nucleus, 

being an incompressible liquid, pushed out causing internal pressure onto the rings of the samples, 

resembling the normal deformation mechanics of a natural intervertebral disc. The failures shown 

correspond to the yield stresses and strains previously discussed (Table 11 and 12). 

Yield Strain (%) 18.7 ± 1.4 10.9 ± 0.6 10.8 ± 0.5 

 Strain at 950 N (%) 58.2 ± 7.6 47.6 ± 6.8 44.6 ± 5.6 
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 Figure 36. Deformation of the ringed samples (left) and nucleus with endplates samples (right). 

4.5 p-CNC Characteristics 

The TEM results showed that the optimized phosphoric acid hydrolysis produced p-CNCs with 

correct dimensions and aspect ratio (length:width), having an average length of 236.36 ± 25.71 nm, average 

width of 37.25 ± 7.34 nm, and an aspect ratio of 6.34:1. Images of the TEM are shown below with the scale 

bar for reference (Figure 37). 
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Figure 37. TEM images of p-CNCs created through phosphoric acid hydrolysis. 

Conductometric titration on the p-CNCs in a HCl solution show that they have a surface charge 

density of 9.72 ± 4.45 mmol PO4
-2/kg cellulose. Based on resulting p-CNCs, they show comparable qualities 

to the referenced p-CNCs [129], and should therefore have qualifying conditions for hydroxyapatite growth. 

With the integration of these p-CNCs into the vertebral endplates of the samples, bone integration can 

become feasible from the hydroxyapatites grown onto the surface of the material. However due to time 

constraints, these p-CNCs were not able to be integrated into the endplates. 

4.6 Comparison to Current Tests 

 Previous studies have been conducted on the natural tissues of the human and bovine intervertebral 

disc, mainly those of the annulus fibrosus due it having the greatest potential to be the cause of failure. 

Tensile properties of the intervertebral disc are solely based on the lamella of the annulus fibrosus, therefore 

only ribbons of the material were tested in this study as opposed to the entire disc as a whole. These tests 

include tension testing of singular and multi-lamella samples in parallel and perpendicular orientation to 

the collagen fibrils, as well as natural flexion/extension of the spine (Table S1) [126, 130, 132, 140]. When 

comparing the tension tests of this study, only singular ribbon samples were tested during DMTA tensile 
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testing, and therefore multi-lamella properties could not be compared. However, since the material being 

used in this study is isotropic, the multi-ribbon properties of the material should act very similar to the 

singular ribbon tested with only the addition of shear stress and slippage. Since the CNCs disperse in the 

composite of this study are not oriented fibers, but more along the isotropic nature, a direct comparison 

between the parallel and perpendicular tension tests could not be achieved, however a direct comparison 

between the natural flexion/extension could be achieved showing properties in the correct range when 

swelled (Figure 29). 

 Testing has been done to determine the failure load and stiffness of the vertebral endplates in the 

lumbar section of the spine (Table S2), as well as showing that with the addition of vertebral endplates the 

overall strength and stiffness of the intervertebral disc increases [144]. Because the composite endplates in 

this study were made out of the same flexible material as the annulus ribbons, they were not able to 

demonstrate the needed strength and stiffness required of the hyaline cartilage endplates in the body. This 

shows that the wrong material was used for mimicking the strength and stiffness of the endplates. Therefore, 

the connection of the endplates was mainly used for proof of concept that with the addition of the endplates 

and nucleus, the strength of the samples increased while strain decreased, as well as determining 

preliminary connection strength between the endplates and the annulus.  

 Previous compression tests have been conducted on sections of the annulus fibrosus and nucleus 

pulposus, as well as the intervertebral disc as a whole, however no previous tests have been recorded for 

testing the annulus fibrosus as its ring structure. During certain compression testing, sections of the both 

the nucleus and annulus were removed and confined to determine the compressive properties of these 

components (Table S2) [126, 127]. The compression tests ran in this study were not able to determine the 

specific properties of the nucleus, however were able to create a comparison between the samples tested in 

ring form and samples tested as a complete intervertebral disc. These results are still not able to be compared 

to the confined compression tests however, due to the fact that this study did not confined the samples in 

any way, other than on the top and bottom like that of a natural disc. For the case of testing the annulus as 
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its whole ring structure, 3D nonlinear finite element analysis was used to determine the compressive 

properties. During the finite element analysis, it was also determined that the compression properties of the 

entire disc are based on the nucleus pressure against the inside of the annulus, and how much force the 

annulus can withstand [141]. Although only a computer model has been used, the testing performed in this 

study can be most closely compared to the testing done by the 3D nonlinear finite element analysis, since 

every part tested was as a whole, and was only in contact from the top and bottom as it is in the spine. 

4.7 Comparison to Current Treatments 

 When compared to spinal fusion surgery, the composite samples in this study show a few crucial 

differences. The composite samples will maintain separation of the two vertebrae, of which are fused in 

spinal fusion surgery, allowing for the natural range of motion required of the spine. Along with this, they 

show incredible elastic properties, with negligible, if any, plastic deformation under high stresses, which 

will allow for load distribution throughout the samples instead of transferring the load to the adjacent 

intervertebral discs like that of fusion surgery. When longevity of the two techniques are compared, both 

should last for life, although the materials being used in this study have yet to be tested for extreme lengths 

of time inside the harsh environment of the body. Spinal fusion surgery however, has been proven to be a 

life-long solution, even though it comes with its own problems. 

 When compared to total disc replacement (TDR), the composite samples in this study show greater 

similarity than it did to spinal fusion. TDR for cervical discs have had great success due to the lack of heavy 

loads and strenuous moments put onto the cervical spine. Therefore, the main goal has been to preserve 

rotation, flexion/extension, and overall mobility. This is different than what is needed for the lumbar spine. 

The TDR, especially in the lumbar spine, needs to resist excess motion as well as reduce stress 

concentrations in the adjacent level tissues. The bearing designs created tend to be axially rigid and are not 

designed to resist bending or rotational moments, often times allowing for excess motion compared to the 

natural disc. Along with these problems, the ability of these lumbar TDR to absorb elastic shock and 

disperse loads is little to none, due to the stiffness of the metal-on-metal (MoM) or metal-on-polymer (MoP, 



  

77 
 

UHMWPE) [118]. Through DMTA tension testing and Instron compression testing, the composite samples 

show resistance to excess strain with applied stresses, which can potentially be correlated with the lack of 

excess motion when moments are applied. As well as resisting excess motion, the incredible elasticity 

shown in the compression tests, with little to no plastic deformation at high stresses and strains, shows that 

they will have much greater shock absorption and load dispersion than any other TDR out there. The 

composite samples can be most similarly related to the one-piece TDR in which there is a single core held 

together by two endplates, instead of a ball and socket configuration. These one piece TDRs allow for some 

shock absorption, however degrade pretty readily in the body causing fatigue failure due to the cyclic 

loading endured. The composite samples were not tested with cyclic loading because of the lack of a 

hydraulic press with a small enough load cell to test the samples, therefore they cannot be directly 

compared. When comparing device degradation in the body due to wear and corrosion from the articulating 

bearings being in a harsh environment, the composite samples show better properties. All of the TDR, 

whether MoM, MoP, or PEEK-on-PEEK (PoP), show degradation within the body, either from wear or 

corrosion, causing significant toxic and biological reactions such as metallosis, osteolysis, inflammation, 

and even migration of the implant to surrounding tissue or complete rejection of the implant [118]. All of 

the materials used in the composite samples are biocompatible and non-biodegradable, the RxT85A 

polyurethane being a medical grade PU currently being used in many medical devices inside the body. 

Another key difference is the lack of metal in the composite samples created, therefore getting rid of the 

potential chance for metal wear particles to enter into the body. The main flaw with the composite samples 

when compared to both the spinal fusion surgery and TDR though, is that they deform too much under a 

much lower stress than desired in the body. These mechanical properties however, can always be fine-tuned 

in order to achieve the desired strength and stiffness.  
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4.8 Potential Problems/Alternative Methods 

 With all experimental methods regarding the human body, some potential problems can occur, such 

as unforeseen failures, the body’s rejection of the foreign material, and changes in the material’s mechanical 

properties after implantation. When tested in compression, all of the samples showed a great deal of 

deformation under much less stress than that of the natural disc, reaching anywhere from 45% to 83% strain 

around 3 MPa of stress as opposed to reaching around 95% strain at 18 MPa of stress. This could cause the 

spinal column to undergo a much greater amount of total deformation under heavy loads, drastically 

shortening the spine and causing unforeseen problems to the surrounding tissue, most importantly the spinal 

cord. One reason for these results could have been that the samples sizes tested were much smaller than the 

natural disc, therefore decreasing the amount of rings used, ultimately decreasing strength and resistance to 

deformation. The nucleus used could also play a role in the results obtained, since the natural nucleus 

pulposus is a proteoglycan and collagen fibril hydrogel-like material and the nucleus synthesized was water. 

The change in viscosity from water to the hydrogel-like material could increase the compressive strength 

of the samples while limiting exceedingly high deformation, due to the added of friction between parts of 

the fluid.  

 Another potential problem could be the lack of porosity throughout the samples resulting in a lack 

of nutrient absorption/transport through the spine, which could be vital for surrounding tissues and bony 

vertebrae. This would also cause the problem of eliminating the reabsorption of water into the disc during 

resting periods, such as sleeping. However, if there is no water loss through the annulus of the samples 

during active periods, then there would be no need for the reabsorption of water.  

 The vertebral endplates, created out of the same material as the annulus fibrosus, proved to be 

problematic due to the severe lack of strength and stiffness, when compared to the hyaline cartilage of the 

natural endplates. Although they are able to resist fracture, if the endplates are too weak or flexible, they 

will undergo too much deformation causing potential damage to the synthetic disc as a whole or even to 

tear away from the vertebrae completely. For this reason, a different material such as UHMWPE or PEEK 
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should be researched for the role of the endplates both being durable, stiff, and resistant to fracture. Along 

with the weakness of the endplates, there is a possibility for the connection between the vertebrae and 

endplates to be less than ideal. If there is insufficient bone growth into the endplates, the mechanical 

interlocking holding the disc to the vertebrae would be too weak causing the potential problem of slippage 

between the disc and the vertebrae or detachment as a whole. On the opposite side of the spectrum, if the 

bone growth in too great through the sample then it would cause fusion between the top and bottom 

vertebrae, making the sample no more useful than spinal fusion surgery. To correct this potential problem, 

p-CNCs can be used within just the vertebral endplates to grow hydroxyapatites, and therefore bone growth 

promotion only through the vertebral endplates instead of throughout the entire samples.  

 One of the last but probably most problematic, is the possibility for herniation of the nucleus either 

through rupture of the annulus or poor connection between the vertebral endplates and the annulus causing 

leakage through the seal. During testing of the NE samples, the failure mechanism was due to the poor 

connection between the endplates and the annulus, instead of pressure put onto the annulus, therefore this 

would be the most likely cause for herniation. If these samples were to be 3D printed, injection molded or 

roll milled (like car tires), the connection between the endplates and annulus could be much stronger, 

making it less likely to herniate. 
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5. Conclusion and Outlook 

 In summary, the elastic modulus, tensile and compressive strength, and max tensile elongation of 

the polymer composite were found for a variety of conditions using multiple composition ratios of PU 85 

to CNCs. When swelled as opposed to dry, the samples showed much closer mechanical properties to that 

of a natural disc than did the dry samples, showing the benefits of using this material composition in the 

body where fluid will be absorbed. The composition that behaved the most similar to that of the annulus 

fibrosus was the PU 80/20 composition, with PU 90/10 still reaching the range of acceptable values, but 

not as accurately as the aforementioned composition. These results prove the viability of this research 

project for moving spinal disc implant research in the right direction. This solution has the potential to 

replace discs without using metal in the body, while preserving full mobility of the spine and 

reducing/eliminating pain in the lower back. Not only does it show promising results for spinal disc 

replacements, but it also uses a novel processing and fabrication technique that has not been used previously 

in the body. Using a ringed sample as opposed to using a solid block of the same material has proven to 

resemble the natural disc’s mechanical properties needed, with the solid block of material being much too 

strong and stiff. The goals of this study were achieved, successfully creating synthetic lamellae to mimic 

the annulus tensile properties as well as compressive properties when wound together into a synthetic 

annulus. The preliminary attachment of vertebral endplates was slightly less than successful, since the 

failure mechanism of the samples was strictly due to the lack of adhesion. The preliminary nucleus showed 

good internal pressure within the system in order to cause barreling like that of the natural disc, and added 

additional strength and stiffness to the composite samples. All mechanical properties were not able to be 

fine-tuned, however with additional time, this three-part polymer composite system shows great potential 

in the field on total disc replacements. 

 If continued, this project should look into alternate fabrications methods in order to create a better 

connection between the annulus and vertebral endplates. Such methods could include 3D printing, roll 

milling (as done in tire manufacturing), and injection molding. These would help the samples withstand the 
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leaking of the nucleus through the poor connection. As well as fabrication methods for vertebral endplate 

connection, alternate fabrication processes for a hydrogel-like nucleus should be further researched. With 

the increase in viscosity of a hydrogel as compared to water, the leaking of the nucleus should be decreased 

as well as the strength/modulus of the samples increased. Once fabrication methods have been determined, 

compression/relaxation tests should be run in order to determine the fatigue life and wear resistance of these 

samples. After mechanical properties are fine-tuned to meet the intervertebral disc needs, p-CNCs should 

be incorporated into vertebral endplates for hydroxyapatite growth and eventually proliferation of 

osteoblasts and bone growth into the surface of the vertebral endplates to show their ability to connect to 

the bony vertebrae. Cell viability, biocompatible properties of samples, and immune response should be 

determined using cell proliferation and culturing on the surface of all materials used. These will be used to 

determine the body’s reaction to the foreign material. Finally, actual implantation techniques could be 

researched to determine most suitable approach during implantation stage of the replacement discs.  
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Supplemental Information 

 

 

Figure S1. Tensile modulus of dry PU 70 samples using DMTA. Lines indicate property range of natural 

lumbar discs [126]. 
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Figure S2. Tensile modulus of swelled PU 70 samples using DMTA. Lines indicate property range of 

natural lumbar discs [126]. 

 

 

Figure S3. Tension tests of three different swelled (80/20 wt%) PU 85 samples to show repeatability 

between samples. Representation of why the error bars and standard deviations are so small in Figure 29 

and Table 13. 
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Table S1. Tensile properties to mimic for annulus fibrosus based on natural disc properties [126, 130, 

132, 140, 145].  

Sample Sample 

Specification 

Yield 

Stress, 

MPa 

Ultimate 

Stress, 

MPa 

Elastic 

Modulus, 

MPa 

Yield 

Strain, 

% 

Ultimate 

Strain, 

% 

Stiffness, 

N/m 

Bulk 

Annulus 

Outer, A -- 3.9 ± 1.8 16.4 ± 7.0 20 – 30* 65 ± 16 5.7 ± 3.4 

Outer, P -- 8.6 ± 4.3 61.8 ± 23.2 20 – 30* 34 ± 11 5.7 ± 3.4 

Inner -- 2.0 ± 1.5 -- 20 – 30* 64 ± 36 1.2 ± 1.1 

Single 

Lamella 

Parallel -- -- 28 – 78  -- -- -- 

Perpendicular -- -- 0.22 -- -- -- 

* Strains were recorded for the annulus fibrosus as a whole. 

 

Table S2. Compression properties to mimic from natural intervertebral disc properties [126, 127, 141, 

144].  

Section of Annulus 

Fibrosus 

Swell Pressure, 

(Psw), MPa 

Modulus, (HA), MPa Permeability, (k), 

(x10-15 m4/N-s) 

Anterior 0.11 ± 0.05 0.36 ± 0.15 0.26 ± 0.12 

Posterior 0.14 ± 0.06 0.40 ± 0.18 0.23 ± 0.09 

Outer 0.11 ± 0.07 0.44 ± 0.21 0.25 ± 0.11 

Middle 0.14 ± 0.04 0.42 ± 0.10 0.22 ± 0.06 

Inner 0.12 ± 0.04 0.27 ± 0.11 0.27 ± 0.13 

Bulk Material -- 4.2 -- 

 

Nucleus Pulposus 0.138 1.0 0.9 

 

Section of Vertebral 

Endplates 

Stiffness, N/mm Failure Load, N 

Superior 121.3 93.0 

Inferior 156.7 137.7 

 

 Yield Stress, MPa Ultimate Stress, MPa Yield Strain 

(%) 

Ultimate Strain (%) 

Intervertebral Disc -- 18.0 ± 7.1 -- 95.4 ± 4.4 

 

 

Table S3. Dimensions of ringed samples used for Instron compression testing. 

500 mm Sample PU 100/0 PU 90/10 PU 80/20 
Natural Disc* [137, 138, 

139] 

Thickness, mm 9.5 ± 0.1 9.2 ± 0.0 9.3 ± 0.0 11.3 ± 1.3 

Inner Diameter, mm 15.2 ± 0.1 15.3 ± 0.0 15.4 ± 0.0 31.6** 

Outer Diameter, mm 22.5 ± 0.2 22.6 ± 0.1 22.9 ± 0.1 38.8 ± 1.8 

Area, mm2 217.4 ± 6.2 219.5 ± 3.3 226.1 ± 2.1 398.1 
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650 mm Sample PU 100/0 PU 90/10 PU 80/20 
Natural Disc* [137, 138, 

139] 

Thickness, mm 9.4 ± 0.0 9.4 ± 0.1 9.4 ± 0.1 11.3 ± 1.3 

Inner Diameter, mm 12.2 ± 0.1 12.2 ± 0.0 12.2 ± 0.1 31.6** 

Outer Diameter, mm 22.7 ± 0.2 23.3 ± 0.1 23.8 ± 0.1 38.8 ± 1.8 

Area, mm2 288.1 ± 5.5 310.5 ± 3.7 329.8 ± 1.3 398.1 

* Dimensions taken from the L4/L5 lumbar intervertebral disc segment of a male. 

** Inner diameter calculated from nucleus pulposus diameter, given from ratio of nucleus pulposus to disc 

area. 

 

Table S4. Dimensions of nucleus with endplates samples used for Instron compression testing. Only 

difference in thickness and area is shown, since endplates only add to the thickness of the samples and 

take away the inner diameter.  

500 mm Sample PU 100/0 PU 90/10 PU 80/20 Natural Disc** [138, 139] 

Thickness, mm 10.7 ± 0.1 10.4 ± 0.0 10.5 ± 0.0 11.3 ± 1.3 

Area, mm2 398.8 ± 6.5 402.6 ± 3.0 411.6 ± 2.0 1182.4 ± 2.5 

 

650 mm Sample PU 100/0 PU 90/10 PU 80/20 Natural Disc** [138, 139] 

Thickness, mm 10.8 ± 0.0 10.7 ± 0.2 10.8 ± 0.1 11.3 ± 1.3 

Outer Diameter, mm 20.9 ± 0.3 21.7 ± 0.2 20.4 ± 0.5 38.8 ± 1.8 

*Area, mm2 325.8 ± 16.9 344.2 ± 9.1 370.1 ± 5.6 1182.4 ± 2.5 

* A different outer diameter was used since extra samples had to be fabricated.  

** Dimensions taken from the L4/L5 lumbar intervertebral disc segment of a male. 

 

 

   

Figure S4. Example titration curve of the phosphorylated CNCs [129]. (Used under fair use, 2017). 
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Figure S5. Typical stress-strain response of the natural intervertebral disc during a quasi-static 

compression test of the spine [140]. (Used under fair use, 2017). 

 

 

 


