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ABSTRACT 

Disc hydration is an important factor to be considered in the mechanical aspects of the spinal 

column. This is linked to the time dependent mechanical behaviour of the intervertebral disc 

(IVD), therefore it’s viscoelastic properties. The role of facet joints is also an important factor 

to consider as it is responsible as it restricts uncontrolled movement of the vertebral column. 

Although research has been conducted on the effects of hydration on mechanical properties, 

further research is required to see how hydration is affected based on the presence of facet 

joints, as well as investigating the mechanical properties based on these differing conditions.  

 

The purpose of this study was to identify how hydration properties affect disc mechanics 

and how the presence or absence of the facet joints can cause further implications on these 

mechanics. This study was conducted using the methodology outlined which was extracted 

from literature, however the dehydration factor of the study was conducted based on practise 

and pilot testing. 3 porcine (pig) and 3 ovine (sheep) specimens were used, as this study 

was to further investigate what roles different species played in terms of mechanics based 

on their functional spinal unit (FSU). 

 

Although further research is required to finalise the results evaluated from this study due to 

limitations in sample number, the overall trend seen in the results were that ovine specimen 

showed greater torsional stiffness compared to porcine. The most interesting finding from 

the results evaluated was the hysteresis loss coefficient (HLC) based on compression 

testing showed differing coefficients with increasing loading rates and increased HLC with 

the presence of facet joints. Not much could be evaluated in terms of hydration, which could 

be due to limitations outlined. This study can be further ventured into the future, where with 

appropriate set up and the limitations are kept at minimum, can produce promising results. 

This has the potential to address in vivo motion mechanics. 
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CHAPTER 1: INTRODUCTION 

The intervertebral disc (IVD) is a vital anatomical feature of the spinal column that provides 

flexibility without the loss of strength (Waxenbaum and Futterman, 2018). The IVD is 

composed of fibrocartilaginous tissue that is highly hydrated and has the functionality to 

absorb or distribute forces applied onto the spine (Bezci, Nandy and O’Connell, 2015). The 

anatomical structure of the IVD comprises of the annulus fibrosis (AF) which is the outer 

peripheral sector, and the central region is known as the nucleus pulposus (NP). The NP 

has higher water content, which allows for the distribution of hydrostatic pressure created 

by the compressive forces felt by the spine (Arun et al., 2009).  

The importance of hydration of the IVD is highlighted through the NP, the most hydrated 

sector of the disc, as it distributes hydrostatic pressure. If the NP were solid, this would 

irradicate the distribution factor of forces thereby increasing the risk of trauma on the spine 

(Waxenbaum and Futterman, 2018). Therefore, the hydration factor is explored in this study 

to investigate the mechanics implications of a dehydrated disc vs a healthy hydrated disc.  

As aforementioned, the loss of hydration in the IVD reduces the ability of the NP to distribute 

forces efficiently, which in turn leads to significant effects on the mechanics of the IVD, where 

hydration is a strong indicator of changes in the disc such as disc degeneration (Costi, Hearn 

and Fazzalari, 2002). IVD degeneration is the leading cause of neck and lower back pain, 

with a prevalence of 71% and 77% in men and women, respectively, aged 50 and younger. 

Additionally, those aged over 50, had a prevalence of 90% when it came to acquiring disc 

degeneration (Teraguchi et al., 2014). 

Due to the IVD having fluid like and solid characteristics, this can be linked with viscoelastic 

behaviour. The disc is exposed to torsional, axial, and bending forces in vivo, and these are 

related to the equilibrium levels of hydration, hence the mechanical and hydration properties 

influence each other (Costi, Hearn and Fazzalari, 2002). The influence that these 

characteristics have with one another, lead to the main investigation of this study, which is 

the difference in mechanical properties based on disc hydration levels. There was further 

differentiation related to the presence of facet joints and the species.  

The facet joints, also known as the zygapophysial joints, are vital elements of the spine that 

aid in the support of spinal motion and stability (O’Leary et al., 2018). The facet joint is a 

structure that can frequently be fractured, impairing the functionality of the spine, leading to 

pain and degeneration. Facet joint degeneration is quite common, occurring in individuals 
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as young as 15 years of age and is prevalent in the L4/5 region of the spine (Li et al., 2011). 

Facet joints were incorporated into this study, for the purpose of understanding how the 

mechanics is affected with and without the presence of these joints, and to give a more in 

depth understanding of the mechanics of a functional spinal unit (FSU) in vivo. Most studies 

completely remove facets as they purely observe the disc and it’s relevant mechanics, hence 

it was a contending factor to include facets in this study. 

This study will examine the mechanical and hydration properties of porcine (pig) and ovine 

(sheep) specimens. These animal models are used to study the IVD as they are easily 

available and have reduced varying factors that will aid in the reduction of inconsistency of 

results (O’Connell, Vresilovic and Elliott, 2007). Factors that can lead to inconsistent results 

include extent of degeneration, sex, spinal level and age of specimen, which animal 

specimen do not have much variability in (Costi, Ledet and O’Connell, 2021).  

Previous studies were analysed based on existing mechanical testing procedures and their 

results, also incorporating hydration factors of the IVD. It is important to note that not many 

studies exist on the differences in mechanical and hydration properties between an intact 

FSU, where the facet joints are present, versus an isolated FSU. This is an important factor 

to be considered as it delves into the actual representation of how the spine works in vivo, 

with facet joints intact not just investigating disc mechanics. The study focuses on two 

different hydration levels, fully hydrated which incorporates immersion in a saline bath, 

versus a dehydrated or air condition where the disc would be lightly sprayed with saline 

solution to avoid complete dehydration. These two hydration levels are commonly used in 

experimental IVD research. The main aim of this study was to investigate differences in FSU 

mechanics based on factors such as hydration, presence of facet joints and species. current 

mechanical testing methods and their associated results relating to IVD hydration factors. 

This critical assessment allows for the bridging of gap in existing literature, outlining the 

importance of anatomical features such as the presence of facet joints. 

CHAPTER 2: LITERATURE REVIEW 

Anatomy of Functional Spinal Unit (FSU) 

The functional spinal unit (FSU) is composed of two adjacent vertebral bodies, which 

includes the intervertebral disc (IVD) and two posterior facet joints (Welch et al., 2012). The 

IVD is a vital component of the FSU, as they link vertebral bodies, where they cushion loads 

that are applied onto the spinal column due to muscle activity and the weight of the body. 
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Their other functions include facilitating flexibility by allowing movements such as bending, 

flexion and torsion (Raj, 2008). Facet joints are symmetrical and are the only synovial joints 

found in the spine. They contain fibrous capsules that connect the articular facets found on 

the vertebrae (Almeer et al., 2020). 

Figure 1a: Functional spinal unit, (Kim-Soon, 2015). Figure 1b: The Intervertebral disc, (Waxenbaum 
and Futterman, 2018). 

The IVD consists of two main components as aforementioned, the annulus fibrosus and 

nucleus pulposus. The AF has an anatomical breakdown of fibrocartilaginous and fibrous 

connective tissues, and the NP contains proteoglycans, in particular aggrecans, which 

attract and retain water, which in turn allows for good disc turgidity that is a key factor in the 

aid of distribution of compressive loads (Yilmaz et al., 2017). Another important component 

part of the IVD are the cartilaginous end plates (CEP), which are bonded above and below 

the vertebral bodies, connecting the IVD to the vertebral body (Newell et al., 2017).  

Hydration characteristics of Intervertebral disc (IVD) 

The driving components of the hydration characteristic are performed by proteoglycans and 

water, where water constitutes to roughly 60-90% of the total volume of the IVD. Water is 

stored in two forms within the IVD, that is bound and free. These forms are also known as 

intrafibrillar, that forms a bond with protein structures and extrafibrillar that is the free form 

of water, which are water molecules that are integrated with proteoglycans (Żak and 

Pezowicz, 2016). Proteoglycans are negatively charged macromolecules, which is linked 

with fixed charge density (FCD) that is the concentration of charged groups on 

proteoglycans (Baldoni and Gu, 2019). 

Figure removed due to copyright restrictions
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The NP behaves as a hydrostatic cushion when responding to compressive loads that are 

applied onto the spine, distributing these loads onto the AF and vertebrae. Hydration is an 

important factor that is responsible for this mechanism of the nucleus, as a reduced 

concentration of water present in the IVD in turn reduces the hydrostatic cushioning effect 

of the nucleus (Costi, Hearn and Fazzalari, 2002). 

IVD hydration is related to its proteoglycan content, this is due to the net increase in the 

negative charge that in turn increases the osmolarity of the nucleus pulposus enabling the 

mechanical capability of cushioning and distributing compressive loads (Oichi et al., 

2020).The concentration of water is highest in the NP and the inner AF regions, as the inner 

layers of AF have more proteoglycans integrated in comparison to the outer layers, and the 

presence of fewer proteoglycans also indicates less extrafibrillar water, (Żak and Pezowicz, 

2016). 

Mechanical Properties of the IVD 

One of the main functions of the IVD is to allow the motion of adjacent vertebrae and to be 

able to resist bending and compressive loads, including shear and torsion-based loads 

(Alkalay, 2002). When comparing healthy and pathological discs, there are differences in 

terms of load response, where mechanical properties such as range of motion, stiffness and 

neutral zone are affected (Costi, Ledet and O’Connell, 2021). When the disc was subjected 

to mechanical dehydration, it resulted in a 20% decrease in volume and 35% decrease in 

height (Yang, Wendland and O’Connell, 2020). 

The viscoelastic behaviour in IVD is influenced by strain rate in accordance to Holzapfel et 

al., 2004. The faster the pace of the IVD compression or rotation, the higher the magnitude 

of stiffness, however these properties are non-linear, which relates to stiffness being 

influenced by compressive preloads, (Newell et al., 2017). 

Mechanical testing research on IVD 

In a study conducted by Race, Broom and Robertson, 2000, a compressive test was 

performed on sample IVDs, which was under a bath condition submerged in 0.15M saline, 

done with the aid of a servo-hydraulic testing machine. The displacement, load and time 

were logged at 0.01 increments in terms of displacement. The results conclude that stiffness 

had increased with the load and its rate of loading. Another key finding was that hysteresis 

energy loss was lowest at higher loading rates, which shows an inversely proportional 

relationship between energy loss and loading rates. 
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A study conducted by Arun et al., 2009, investigated the impact of sustained mechanical 

loading on the diffusion of small solutes through the human IVD, on live human volunteers. 

This was done in 2 phases, where an (Magnetic Resonance Image) MRI was taken prior to 

the actual testing mechanism was applied and then phase 2 which was a month later where 

the individuals were subjected to axial loads with the use of an axial spinal loading device 

that is MR compatible. They were subjected to 50% of their body weight as the supine 

loading as this was the most viable option in MRI. The conclusive results were that sustained 

mechanical loading slows down the effect of diffusion for solutes to move through the disc. 

In a study, where ovine IVDs were investigated for their hydration characteristics that is 

linked with their stiffness. It was seen that there was a sharp increase in fluid intake by the 

IVD during the initial hour, followed by a reduction in the rate of hydration until a plateau had 

reached. The use of a saline bath increased the hydrations levels drastically when compared 

to an air only condition, hence this influenced the stiffness of the IVD. This was evident in 

terms of loading in the torsional, flexion and left bending directions (Bezci, Nandy and 

O’Connell, 2015). 

During the investigation of the viscoelastic behaviour of the nucleus pulposus, it was found 

that it relaxed to nearly zero during stress-relaxation tests. However, under dynamic 

conditions, the NP behaved solid or “solid-like”, where values of dynamic modulus ranged 

from 7- 20 KPa and loss angle from 23-30 degrees over frequency loadings of 1-100 𝑟𝑎𝑑𝑠 

−1 (Latridis et al., 1997). 

A common experimental approach in understanding the disc function in axial compression 

is to conduct creep testing, both static and dynamic. The kelvin solid viscoelastic model is 

best used for the description of static creep, however in their research, Race, Broom and 

Robertson, 2000, found that the IVD and its material properties did not compare well with 

the model in terms of disc behaviour. 

The intervertebral disc experiences hysteresis when put under cyclic loading conditions 

(Galante, 1967), where different frequencies are used to identify stiffness and energy loss. 

Hysteresis is at its peak during the first cycle of cyclic loading when compared to other 

cycles. After a certain number of cycles have been completed, and there is little to no 

hysteresis associated the specimen is said to have been “preconditioned” (Bezci, Nandy 

and O’Connell, 2015). According to Costi et al., 2008, the preconditioning technique 

increases the neutral zone and decreases the stiffness of the IVD, when compared to 

previous cycles of dynamic loading. Hysteresis is dependent on loading rate as there is 
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strain rate dependence involved which in turn affects hysteresis and stiffness (Bezci, Nandy 

and O’Connell, 2015). 

In a study conducted by Amin et al., 2015, where they tested degeneration effects of 

mechanical properties based on 6 degrees of freedom utilising a hexapod machine. In this 

study the FSU was investigated rather than just the IVD, where the facet joints were 

involved, where later the IVD was extracted for individual study, where the specimens were 

immersed in a 0.15M phosphate buffered saline (PBS) bath. Their study underwent dynamic 

loading, creep testing, stress relaxation and compression testing. The concluding results 

were that degeneration affected mechanical properties in the anterior shear and axial 

rotation sector. 

Effect of Facet joints in normal discs 

In the research conducted by Costi, Ledet and O’Connell, 2021, the mechanical properties 

of the motion segment can have drastic changes, if the facets are altered during the sample 

preparation period or if they are pathologic in nature, as they are also a driving factor in 

motion segment mechanical properties, sharing the load with the IVD. If the facet joints are 

pathologic, they affect stability, stiffness, and the motion coupling of the cervical section of 

the spine. The changes in orientation of facet joints also affects the mechanical and 

kinematic aspects of the spine. 

While the IVD, is needed for the motion and flexibility of the spine, the facet joints aid in the 

limitation of the spine’s range of motion, (Waxenbaum and Futterman, 2018). According to 

O’Leary et al., 2018, facet degeneration occurs as a results of disc degeneration, as due to 

the limited capability of the disc’s functions, there is now an overload placed on the facet 

joints. 

Differences in FSU and Disc anatomy between species 

A study conducted by O’Connell, Vresilovic and Ellior, 2007, aimed to compare disc 

geometry of different species with human disc geometry, to have the ability to compare 

animal model results to those of human models. Animals models are more widely used due 

to their lack in variability in terms of mechanical properties based on factors such as 

degeneration or gender for instance. In their study, they utilised disc height, AP width area, 

lateral disc width and the lateral width of the NP as well as the centroid offset as measures 

to compare with human IVD. These were conducted on the following species, mouse, rat, 
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mouse tail, baboon, bovine tail, rabbit, sheep, and rat tail, which are ranked according to 

their percentage of anatomy association with human IVD, from lowest to highest. 

Though animal models can aid in comparative aspects of results to an extent, careful 

precautions must be taken as there are anatomical differences that need to be considered, 

as well as the position the animal’s spine is oriented towards, (Alini et al., 2007). 

Gap in research 

The major gap found based on the literature review is the lack of mechanical and hydration-

based evaluation between the FSU where the facet joints are intact and isolated. While there 

exists some research on the effects that facet joints have on IVD disc mechanics and their 

importance in terms of functionality of the spine, majority of the literature focuses solely on 

the properties of IVD. The information present with regards to disc mechanics and hydration 

characteristics is vital, but the inclusion of the presence of facet joints for mechanical 

evaluation and the changes associated with hydration levels would be a steppingstone in 

understanding how the motion segment functions in vivo. Due to the limited research in the 

differences of mechanical and hydration properties between the FSU and IVD, and 

comparing these differences between species, led to the purpose of this research study. 

The main experimental aims extracted from the literature review portion of this thesis was 

to compare the mechanical properties on a macro level scale of the FSU, where comparison 

is made based on hydration factors, the presence and absence of facet joints and the 

differences in results based on species, which were ovine and porcine specimens.  

CHAPTER 3: METHODOLOGY 

The methodology for this study was adapted from the papers published by Newell et al., 

2020 and Bezci, Nandy and O’Connell, 2015, with regards to specimen preparation in terms 

of hydration and potting. The method for dynamic compression testing was influenced by 

Amin et al., 2016. The information gathered from these papers then influenced the decision-

making process for the current methodology based on the Instron machine, model 68SC-5 

(Instron, Massachusetts, U.S.A), that was utilised and the mechanical testing that was 

carried out, which were axial torsion and dynamic compression. 

 

This study was conducted on porcine and ovine FSU specimens, which were provided by 

the Biomechanics and Implants laboratory, situated at Flinders University, Tonsley. There 
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were 5 ovine and 3 porcine specimens used during the experiment, out of which 2 ovine 

specimens were used for practise and pilot testing. 3 specimens of each species were used 

in formal testing, where these were the results that were used for analysing and determining 

the trends in mechanical properties. The specimens were categorised based on their 

species initially, then based on sample preparation, were classified by their hydration factor 

and the presence or absence of their facet joints, refer to methodology (Figure 2). 

Briefly, each specimen underwent the same protocol: sample preparation and potting of the 

specimen using PMMA, potting rig and cups. The specimen is then placed in a PBS bath 

where an LVDT is attached to monitor changes in disc height as water is absorbed by the 

IVD. The hydration process occurs overnight after which mechanical testing follows of the 

hydrated specimen. The mechanical testing procedure consists of axial torsion and dynamic 

compression, where frequencies of 0.01, 0.1 and 1Hz are followed throughout the entirety 

of the testing procedure. The specimen is then dehydrated overnight, following the same 

period of time taken to hydrate the specimen. Mechanical testing was conducted on the 

dehydrated specimen, after which the facet joints were removed. Once the FSU is isolated, 

an isolated dehydrated mechanical testing was conducted after which the hydration process 

is repeated. This followed an isolated hydrated mechanical testing procedure after which the 

testing phase is completed for that specimen (Figure 2). 

 

Figure 2: Flowchart of Methodology 

Assumptions 

The important assumptions to be considered in this study were that the given FSUs are 

healthy with no degenerative properties. Prior to mechanical testing, it is assumed that there 

will be differing results for specimens in terms of species, the presence of facet joints and 

the hydration factor, as the aim states that these elements will influence mechanical 

properties. The data obtained from specimens under each species, following the same 
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sample preparation condition (i.e includes facet joints, ovine and hydrated) should give 

consistent results. 

There was existing research for the hydration sample preparation methodology, however 

the dehydration method required practise and pilot testing to finalise the sample preparation 

method, which is assumed to be the correct manner to dehydrate the specimen. Bezci et 

al., 2018 outline facet joint mechanics in their paper, from which the methodology for intact 

vs isolated FSU was formulated in order to identify how mechanical properties are affected 

by facet joints. It is assumed that the angled wedge cut performed is the appropriate method 

to isolate the FSU.  

Sample Preparation 

3 ovine (sheep) and 3 porcine (pig) FSUs were extracted from the whole spinal column by 

supervisor, Mr. Michael Russo, using a bandsaw (Figure 3, a). Soft tissue removal was then 

conducted on the FSUs, including the removal of the spinal cord using forceps and a scalpel. 

A bone cutter was used for the trimming of the spinous processes, to allow the specimens 

to fit in the testing cups. Throughout the whole duration of sample preparation, the 

specimens were sprayed with saline solution to avoid complete dehydration which would 

permanently alter disc mechanics, this was adapted from the paper by Race, Broom and 

Robertson, 2000. The specimen’s width and height measurements were input onto an excel 

template, which was used to calculate the area of the specimen. The area was calculated 

by using the width and height measurements multiplied by 0.84 which was extracted from 

the study done by Amin et al., 2016.   

 

Figure 3:Porcine FSU, b: Ovine FSU 

 

For testing, Stainless steel potting cups were used. The cup was taped (figure 4,c) and 3 

greased screws (figure 4,a) were partially inserted into the potting cups. Using a potting rig 
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(figure 4, b) for alignment reference, the specimen was placed, inferior vertebra first, central 

to the potting cup, which would align with the neutral axis, which is important when hydration 

and mechanical testing is conducted. Once the specimen was aligned the screws were 

adjusted such that the specimen was held in place (figure 4, d). After the screws are fixed, 

poly(methyl) methacrylate (PMMA) is poured until the screws are submerged and allowed 

to cure for 20 minutes. Once the bottom cup is cured, the same procedure is repeated for 

the top cup and vertebra, however the screws are aligned in accordance to the specimen’s 

location, which is deduced when the bottom cup on the potting rig is dropped until the end 

of the specimen reaches the top cup. The potting process was conducted under a fume 

head due to toxic gases released by PMMA (figure 4,b). 

 

Figure 4a Bottom cup screw alignment with specimen. b: Potting process under fume head c: taped 
cup, d: PMMA curing of bottom cup. 

 

Hydration procedure 

For both the intake and isolated IVD the hydration protocol was kept the same. The 

specimen is then allowed to hydrate in a PBS bath overnight at the hydration station. The 

potted specimen is placed in a container and immersed in PBS solution. A custom hydration 

rig was used to apply a constant compressive load and allow mounting of sensors during 

loading. Generally, the hydration rig allows up to six loading platters, remain up right while 

applying an axial load (Figure 5, a). The immersed specimen and container are then placed 

under the hydration rig, where a specimen specific 0.1 MPa Nucleus Pressure (Wilke et al., 

1999). The load was applied via a loading pattern to the estimated centre of the IVD and is 

the approximated same load of when a person is lying down (Recovery pre-load). A Linear 

Variable Differential Transformer (LVDT) was mounted to the Hydration rig such that it 
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tracked the movement of the loading platen during hydration. LVDT signals were acquired 

using SignalExpress (National Instruments, Texas, U.S.A) (Figure 5,b). Refer to appendix A 

for graphical representation of the LVDT activity during hydration. 

 

Figure 5a:Specimen hydration under preload, b: hydration set up 

 

Dehydration procedure 

For both intact and isolated IVD the dehydration protocol was kept the same as the 

procedure for hydrating the specimen, except the PBS bath was drained. While studies have 

not published methods for dehydration, Costi, Hearn and Fazzalari, 2002, state that 

specimens hydrated phased to revert back to its original weight, requiring the same time 

taken to hydrate. 

 

Facet joints removal 

Upon the completion of the intact testing conditions, the facet joints were removed using a 

hacksaw. To remove the facet joints, cuts were made on either side of the IVD using a 

hacksaw (Figure 6,a) , slightly below (away from the potting cup) where the facets meets 

the vertebra, at a slight angle towards the disc. Care was taken to make sure the cut did not 

go deeper, past, the posterior of the disc. Once this cut was made on both vertebra, a 

horizontal cut was made to connect the two (Figure 6, b,d). The facet joints were then 

disposed (Figure 6, c) 



 

12 

 

Figure 6a:Hacksaw used for cutting, b: close of isolated FSU, c: removed facet joints, d: side view of 
isolated FSU 

Mechanical testing 

Testing was performed using the Instron machine, model 68SC. The mechanical testing 

conducted on the specimens were dynamic axial torsion and compression, at three loading 

frequencies which were 0.01Hz (slow), 0.1Hz (medium) and 1Hz (fast), applied in the order 

presented. The load cell utilised for testing purposes was the 5KN and 25Nm cell for the 

Instron machine. The specimen was mounted onto the machine with the bottom plate 

attaching to the load cell via an adapter (figure 7, a) and the top cup attached to an adapter 

and chuck which is tightened (figure 7, b). 

Axial Torsion 

The first experiment conducted on the specimen was axial torsion, as the compression test 

would have the biggest impact on the specimen in terms of fluid outflow caused by activity. 

Prior to starting any mechanical tests, the 3 loads to be considered were the preload, 

follower and reference loads, which was extracted from the template based on 0.1MPa, 

0.5MPa, and 0.6MPa respectively. 

The testing method input onto the Instron machine was to compress the specimen until it 

reached the follower load (0.5 MPa), after which this load is held, and torsion is applied 2° 

clockwise and anticlockwise consecutively for 5 cycles, see appendix A for dual plot of cycle 

representation across 3 frequencies. This test is repeated for each of the outlined 

frequencies.  

Dynamic Compression 

This testing method involved compression until the follower load (0.5 MPa) was reached, 

after which the specimen was further compressed until it reached the sum of follower (0.5 

MPa) and reference (0.6 MP) loads, referred to as the combined load (0.5 MPa + 0.6 MPa 
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= 1.1 MPa). The specimen was then loaded and unloaded between the follower and 

combined load for 5 cycles and repeated for the outlined frequencies. 

 

Figure 7a:specimen attached to load cell. b: chuck used to hold specimen during testing 

Data Analysis  

Practise and pilot testing allowed for the confirmation of whether the sequence of sample 

preparation and mechanical testing performed was valid based on the results obtained. The 

Instron machine logged and stored all data in the form of excel data sheets. These were 

then utilised to evaluate hysteresis loss, stiffness and peak torque in both positive and 

negative rotations, for the axial torsion mechanical test as well as hysteresis loss, stiffness 

and range of motion for the compression test. In the results section for dynamic axial torsion 

testing, the negative rotation results are categorised as right and positive as left. For all 

techniques mentioned, an excel template was developed and the final cycle of testing was 

isolated for analysis. 

The axial torsion stiffness was calculated by plotting the torque vs rotation graph and 

extracting the gradient from regions -1.1° to -1.9° for negative rotation and 1.1° to 1.9° for 

the positive rotation region. The same procedure is performed for the compression stiffness 

evaluation except the region of importance was between 70% and 85% of peak compressive 

force extracted from the force vs displacement graph. Hysteresis for the axial torsion was 

evaluated by dividing the cycle between the negative (right) and positive (left) regions, as 

hysteresis is calculated for each direction of torsion. Then the area under the curve for the 

loading and unloading regions were evaluated, where hysteresis loss was calculated as the 

difference between the loading and unloading area. The same procedure is repeated for 

hysteresis loss for the compression test, excluding isolating of left and right. Peak torque 

was evaluated by using the maximum formula on excel for the positive region and minimum 



 

14 

formula for the negative region. Range of motion in compression was evaluated as the 

distance between minimum and maximum force, hence the minimum and maximum force is 

extracted and the distance between these regions was found. 

CHAPTER 4: RESULTS 

Refer to appendix b for breakdown of results to find median result and appendix c for excel 

template used for results evaluation. Ovine specimens (n=3) with a median area of 

645.91mm2 and porcine specimens (n=3) with a median area of 1074.86 mm2 were used. 

Axial Torsion Test 

For the axial torsion test, the median results along with IQR errors bars were plotted for both 

species where stiffness (Figure 8), hysteresis loss coefficient (Figure 9) and peak torque 

(Figure 10) were evaluated. The results are divided into left (positive) and right (negative) 

sectors, where for peak torque the right section was normalised as all results were negative. 

These were plotted for all the 3 frequencies. 

 

Figure 8:Median ± IQR Stiffness for Axial Torsion in left and right axial rotation for ovine and porcine 
specimens at, a: slow, b:medium, c: fast loading rates. 
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Figure 9:Median ± IQR Hysteresis Loss Coefficient for Axial Torsion in left and right axial rotation for 
ovine and porcine specimens at, a: slow, b:medium, c: fast loading rates. 

 

 

 

Figure 10:Median ± IQR Peak Torque for Axial Torsion in left and right axial rotation for ovine and 
porcine specimens at, a: slow, b:medium, c: fast loading rates. 

 
Compression Test 
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For the compression test, the median results obtained alongside IQR error bars were plotted 

where compression stiffness (figure 11), hysteresis loss coefficient (figure 12) and range of 

motion (figure 13) were evaluated. 

 

Figure 11: Median ± IQR compression stiffness for compression for ovine and porcine specimens at, 
a: slow, b:medium, c: fast loading rates. 

 

 

Figure 12:Median ± IQR Hysteresis loss coefficient for compression for ovine and porcine specimens 
at, a: slow, b:medium, c: fast loading rates. 
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Figure 13: Median ± IQR range of motion for compression for ovine and porcine specimens at, a: 
slow, b:medium, c: fast loading rates. 

 

CHAPTER 5: DISCUSSION 

Axial Torsion Testing 

Torsion stiffness 

The general trend seen in this aspect of results was that the ovine specimen had greater 

stiffness compared to the porcine. Other trends that can be noticed is that stiffness is greater 

for specimens that are hydrated and intact. However, in accordance with Costi, Hearn and 

Fazzalari, 2002, stiffness was lower for specimens that were exposed to conditions of air 

(i.e dehydrated) hence is contradicting to literature. It can also be visualised that stiffness 

increased from slow to medium test, however, did not increase in the faster frequency. The 

results for the fast test show inconclusive stiffness, especially for the intact FSU, right region. 

This could be due to experimental set up, where the torsion in the negative region was not 

adequate due to the intact right region of testing giving rise to a very small stiffness result, 

which can later be linked with future work. 

Hysteresis loss coefficient 

Hysteresis loss coefficient (HLC) is generally larger for specimens that are hydrated. There 

is no trend as frequency increases, and an anomaly can be seen in both slow and fast tests 
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for the isolated FSUs, as the HLC is negative which indicates energy being added to the 

specimen. These results are again consistent in the right (negative) region and can be seen 

in the slow test for isolated porcine and ovine specimen and fast test for the isolated porcine 

specimen, as well as isolated porcine FSU in the left direction. This can be related to energy 

being returned due to the experimental set up, however this needs to be further proved with 

a stiffer experimental set up in later research.  

Peak Torque 

Peak torque can be seen to be at its greatest for specimens that are intact and performed 

in the positive direction of torsion. This can be seen in specimens across all frequencies. 

There is no increase in torque as frequency increases, however overall peak torque is higher 

in the ovine specimen compared to the porcine specimen. There is very little difference seen 

between hydrated and dehydrated specimens, as the torque is somewhat equivalent in both 

conditions, varying slightly more in conditions of hydration (Inoue, Orías and Segami, 2020) 

. 

Compression Testing 

Compression stiffness  

As frequency increases the change in compression stiffness is not visualised, however a 

slight trend can be seen with the dehydrated specimen having greater stiffness. Though it 

is noted that this trend is very small, therefore not much comparison can be made in terms 

of dehydration and hydration characteristics linked with compression stiffness, even though 

literature has found stiffness to be greater in dehydrated specimens. Overall, the stiffness 

was greater for the porcine specimen compared to ovine specimen, however the ovine 

specimen did have greater stiffness for intact hydrated specimens in the slow and fast tests. 

Hysteresis loss coefficient 

The general trend can be visually seen in this form of result evaluation, where (HLC) 

increases with loading rate and is consistent in all specimen conditions (i.e hydrated, intact). 

This can be linked with how loading rate affects mechanical properties based on (Race, 

Broom and Robertson, 2000). Dehydrated specimens had a greater coefficient overall, 

however in the slow test, the ovine specimen has a greater HLC while it was hydrated. Unlike 

the torsion test, there is no negative hysteresis being produced, which can indicate that the 

experimental set up may have played a role in any anomalies in the previous test. Another 

evaluation that can be made is that the coefficient is greater for specimens with facet joints 

compared to specimens that have been isolated. This can be used to show as an indication 
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of the importance of facet joints, however more research needs to be done. In accordance 

with Galante, 1967, IVD experiences hysteresis when cyclically loaded, which can be seen 

with the results plotted, where varying loading rates gave rise to differing HLC values. 

Range of motion 

The ovine specimen varies greatly in terms of range of motion compared to porcine 

specimen. This is seen consistently throughout intact and isolated regions in all loading 

rates. There is no general trend in how range of motion is affected by the presence of facets 

in accordance to the results, as there is not much variability. The expected result would have 

been to see a difference in range of motion, where the isolated discs would have a greater 

range of motion.  

Overall, the FSU did show viscoelastic properties based on the graphs that were plotted, 

where a complete cycle could be visualised. These varied with the type of test and specimen 

preparation, especially in torsion testing, where the hysteresis loss coefficient produced was 

negative, see appendix A.  

Limitations 

Throughout the research, limitations were faced which affected the outcome of the results. 

A limitation about the FSUs is that the regions they were extracted from are not consistent, 

where disc levels were unknown. This can affect the outcome of the results, as small 

differences in area can lead to differing hydration levels in turn affecting disc mechanics. 

Due to time constraints, the no. of specimens used were less as only 3 per species were 

used, and at least 6 would have led to more consistent results. Another restriction was that 

once the specimen was mounted, the orientation of the testing differed for various 

specimens as potting affects placement of the specimen. Once mechanical testing 

commenced, the specimen starts to dehydrate, which cannot be controlled due to possible 

damage to the Instron machine if the PBS solution leaked. Another major limitation was the 

lack of LVDT apparatus available in the lab, as 6 specimens were hydrated in one instance, 

this is also linked with the lack of availability in terms of space at the hydration rig.Creep and 

stress relaxation tests could not be conducted to due to time restrictions, which would have 

been beneficial to see the trend in results for that type of testing. The experimental set up 

was hard to initialise, but once set up, had consistent results. However, as the results show 

there have been inconsistencies seen, especially in the right region of testing for torsion 

which in the negative direction. 
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CHAPTER 6: CONCLUSION AND FUTURE SCOPE 

The main aim of this study was to investigate the differences between hydration factors and 

the presence of facet joints in an FSU and how these properties affect the mechanics of the 

disc.  While the difference of how hydration affects the discs was not up to standard, this 

could have been due to the limited number of samples used. Some differences can be seen 

between ovine and porcine in terms of torsional stiffness, but further investigation is 

required.  The role of facet joints can be visualised based on the results, especially based 

on HCL in compression testing where the intact region had a great coefficient compared to 

its isolated counterpart.  

As there were some limitations involved in this study, future work that can be delved into 

would be to conduct this research with more samples of each species, where statistical 

analysis can be conducted to further validate results. Based on the results obtained from 

these results, this can then proceed to human testing where a better understanding of in 

vivo mechanics can be visualised. 
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APPENDICES 

Appendix A  

 

Figure 14: Dual Plot for Torsion Test 

 

Figure 15: Displacement vs Time graph showing disc displacement for hydrated FSU (Sheep 
Specimen) 
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Appendix B 
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Appendix C 

Excel Templates 

Compression stiffness, hysteresis coefficient loss and range of motion excel template. 

 

 

 

 

 

 

 



 

33 

Torsion Hysteresis Coefficient and Peak Torque Evaluation 

 

Torsion stiffness evaluation 
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