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Executive Summary 

 

The spine moves in a complex way, but it is unknown whether the spine moves in position 

control or load control. The study investigated the comparison of mechanical properties 

between load, position, and hybrid control mode. Three pilot tests were conducted to 

develop the testing protocol and five sheep lumbar spine segments (L4-L5) were tested on 

the hexapod. The specimens underwent overnight hydration under preload equivalent to a 

nucleus pressure of 0.1 MPa. Load control was conducted first, ranges of motion were 

extracted and applied to position and hybrid control. In each control mode, 11 directional 

loadings were applied in order of shear, axial rotation, bending, flexion/extension, and 

compression. Two hours of recovery were performed between control modes. The result 

showed that there were significant overall within-factors interaction effects of control modes 

and 6DOF loadings in stiffness, phase angle, hysteresis area, hysteresis loss coefficient, and 

maximum reaction forces/moments. Significant differences between control modes were 

observed in bending, flexion, extension, and compression movements. In these directional 

movements, fluid flow of the disc involves causing cumulative creep and this contributed 

significant differences. Comparison of hybrid control to load and position control was 

performed to assess physiological relevance. The differences were found in shear, bending, 

flexion/extension, and compression. However, it is yet insufficient to determine which control 

mode presents the more-physiological movement of the spine. Further development of the 

testing protocol is suggested to match the start point of movement in each control mode. The 

study is continuing with intention of publication in 2022. 
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CHAPTER 1: INTRODUCTION 

1.1 Motivations 

Spines move in complex ways during everyday activities. There are studies done on spinal 

movement under different control modes (Goel et al. 1995; Pascual et al. 2016), however, it 

is yet undiscovered whether spines move in position control, load control, or a combination 

of both. Position control aims to reach a target position no matter what forces or moments 

are applied against it. For example, bending forward to pick up an item would require position 

control to reach the item with a certain degree of rotation.  The centre of rotation in the spinal 

disc is fixed under pure position control and this generates off-axis coupling forces and 

moments. On the other hand, to reach a target load is a matter of load control. For example, 

after reaching the item, the lifting activity would require load control to ensure the spine can 

generate moments to move the item. Under multiaxial load control, the disc segment can 

move its natural centre of rotation. Therefore, the centre of rotation is not fixed and floats 

under load control. The combination of position and load control (hybrid control) aims to 

reach a target position with the minimisation of off-axis coupling forces and moments. 

 

The different control modes may result in a different load-displacement curve which has 

implications for the validity of research findings. These testing methods may identify not only 

different motion paths but also different mechanical properties, such as stiffness and energy 

absorption during spinal movements. Analysis of pros and cons between position and load 

control was discussed (Goel et al. 1995), and qualitative comparison on a load-displacement 

curve between position and load control was performed (Pascual et al. 2016). The importance 

of this study is to compare position, load, and hybrid control in 6DOF and investigate the load-

displacement curves to reveal more realistic stiffness and energy absorption under different 

control modes. 

 

1.2 Aims 

The primary aim of this study was to compare differences in spine segment mechanical 

properties between control modes. The specific aims were to: 
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Aim 1: Develop testing protocols for each position, load, and hybrid control mode. 

Aim 2: Compare the stiffness and energy absorption between control modes. 

Aim 3: Assess physiological relevance between control modes. 

 

The study of a student from the University of Bath, UK suggested that the standardised testing 

procedure needs to be developed for ensuring comparisons can be easily made across 

laboratories (Pascual et al. 2016). Therefore, the first aim of the study was to develop testing 

protocols. From these protocols, the testings on sheep spine specimens were conducted and 

result data were compared and analysed to assess physiological relevance. 

 

The pilot tests were conducted to achieve the first aim of the study. The specimens were 

dissected and prepared before the mechanical testings. For mechanical testings, the 

specimens were tested on hexapod under 6DOF loadings. The 6DOF testing sequence was 

adopted from a previous study on the effect of the 6DOF loading sequence on compressive 

properties of the spine segments (Amin et al. 2016). The data from hexapod were 

transformed by LabView (National Instruments) and analysed with MATLAB (R2020a, The 

Mathworks Inc.). Mechanical properties of the specimens such as stiffness, hysteresis area, 

hysteresis coefficient, phase angle, and maximum reaction forces and moments were 

obtained from MATLAB. The mechanical properties were compared in mean percentage 

difference from each control mode to accomplish the second aim. The repeated-measures 

ANOVA was performed on each outcome property, having two within-subjects factors of 

control mode and 6DOF loading direction. From the results and discussions, the last aim of 

assessing physiological relevance between control modes was addressed. 

 

The hypotheses were made regarding the results of the study. These hypotheses were 

investigated by repeated-measures ANOVA with SPSS. 

A. There will be significant differences in mechanical properties between control modes. 

B. Lateral bending, flexion, extension, and compression will exhibit greater differences due 

to the biphasic properties of discs. 

C. Hybrid control will exhibit more in-vivo like physiological movements of the lumbar spine 

compared to position and load controls. 
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1.3 Thesis outlines 

To achieve the aims above, the thesis is organised as following chapters: 

Chapter 1 introduces the backgrounds of the thesis highlighting motivations and aims 

Chapter 2 provides the review of literature on the knowledge of the anatomy of the lumbar 

spine, comparison of human and sheep spine, and biomechanics of the spines. 

Chapter 3 addresses the methodology of the study including specimen preparation, potting, 

hydration, hexapod testing, and data analysis. 

Chapter 4 presents the main findings and results of the study. Mechanical parameters are 

used to compare different control modes. 

Chapter 5 discusses the results identifying the differences between control modes and 

assessing physiological relevance. 

Finally, Chapter 6 provides the overall conclusion of the thesis and suggests continuing study 

on the comparison of control modes. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Anatomy 

The human spine is a central support structure of the body allowing movements such as 

walking, twisting, sitting, and standing as well as protecting the spinal cord. The spine consists 

of 33 stacked vertebrae which are classified as cervical, thoracic, lumbar, sacrum, and coccyx 

from superior to inferior. Intervertebral discs are placed between vertebrae that can 

distribute the load and ligaments and muscles support the movement.  

2.1.1 The Lumbar Vertebrae 

The lumbar vertebral column consists of five vertebrae which are named numerically as L1, 

L2, L3, L4, and L5 from superior to inferior (Adams 2013). The lumbar vertebrae are irregular 

bones consisting of the vertebral body (anterior part), pedicles, and posterior elements 

(Figure 2.1). 

Figure 2.1 The lumbar vertebrae column (L1-L5) and the division of a lumbar vertebra into three functional components 
(Bogduk 1997) 

The flat superior and inferior surface of the vertebral body is designed for supporting 

compressive loads. The internal structure of the vertebral body also allows withstanding 

Removed due to copyright restriction
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compressive loads by having a combination of vertical and transverse trabeculae (Figure 2.2) 

(Bogduk 1997). 

Figure 2.2 The lumbar vertebral body in a sagittal section describing vertical (VT) and transverse (TT) trabeculae (Bogduk 
1997) 

The posterior elements of the lumbar vertebrae control the position of the vertebral body 

(Adams 2013). The posterior elements consist of the laminae, the superior and anterior 

articular processes, the left and right transverse processes, and the spinous processes. With 

these various bars of bone projecting in all directions, the posterior elements can receive 

different directional forces (Bogduk 1997). The pedicles are not only the connection between 

the vertebral body and the posterior elements but also have a function of transmitting tension 

and bending. When the vertebral body slides forwards, the inferior articular processes will 

block the movement of the superior articular process of the below vertebra (Bogduk 1997).  

2.1.2 The Intervertebral Disc 

The intervertebral disc produces space between consecutive lumbar vertebrae supporting 

compression loads and allowing bending movement (Adams 2013). The intervertebral discs 

must be strong enough to withstand the weight of the body and not to be injured during 

movement. At the same time, without compromising its strength, the disc needs to be 

deformable to accomplish desired movements. The intervertebral disc consists of nucleus 

pulposus (central), anulus fibrosus (peripheral), and vertebral end-plates (superior and 

anterior) (Figure 2.3).  

Removed due to copyright restriction



 14 

Figure 2.3 The structure of a lumbar intervertebral disc. The disc consists of a nucleus pulposus (NP) surrounded by an 
anulus fibrosus (AF), covered between tew vertebral end-plates (VEP) (Bogduk 1997) 

2.1.2.1 Nucleus Pulposus 

The nucleus pulposus is the gelatinous centre of the intervertebral disc and exhibit fluid-like 

behaviour under the loads. It is primarily composed of water, proteoglycans, and collagen. 

Water accounts for approximately 70-85 % (Keyes & Compere 1932; McNally & Adams 1992) 

of the total weight of the intervertebral disc and this varies significantly with age and 

degeneration (Adams & Hutton 1983; Kraemer, Kolditz & Gowin 1985). Proteoglycans 

constitute 30-50% of the dry weight (Adams & Muir 1976; Bogduk 1997; Dickson et al. 1967; 

Gower & Pedrini 1969) and the water of the nucleus is contained within the structure of these 

proteoglycans (Bogduk 1997). Collagen constitutes 15-20 % of the dry weight and the 

remainder consists of various proteins known as non-collagenous proteins (Beard & Stevens 

1980; Bogduk 1997; Bushell et al. 1977; Melrose & Ghosh 2019; NAYLOR 1976; Taylor & Little 

1965). Under pressure, the nucleus pulposus can be deformed due to its fluid nature and 

distribute load into all directions.  

2.1.2.2 Anulus Fibrosus 

The anulus fibrosus consists of around 15 layers of collagen fibres in a highly organised 

pattern. The collagen fibres in each lamella are oriented in parallel and arranged obliquely at 

an angle of 65-70° from the vertical (Cassidy, Hiltner & Baer 1989; Marchand & Ahmed 1990; 

Taylor 1990). However, the direction of the lamellae alters layer by layer. Due to the unique 

structure of the anulus fibrosus, it is capable to resist tension and compression rather than 

shear or torsion. The principal component of the anulus fibrosus is water (60-70%) followed 

Removed due to copyright restriction
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by collagen (50-60%) and proteoglycans (about 20%) (Beard & Stevens 1980; Dickson et al. 

1967; Gower & Pedrini 1969; NAYLOR 1976; Schmorl 1971). The composition of the anulus 

fibrosus is similar to the nucleus pulposus, however, the anulus fibrosus also contains elastic 

fibres which constitutes about 10% (Buckwalter, Cooper & Maynard 1976; Hickey & Hukins 

1981; Johnson et al. 1985). 

2.1.2.3 Vertebral End-plates 

The vertebral end-plates are located at both the superior and inferior end of the 

intervertebral disc. The two end-plates cover the entire nucleus pulposus, on the other hand, 

the peripheral anulus fibrosus is not covered by the end-plates (Bogduk 1997). The vertebral 

end-plates have a strong attachment to the anulus fibrosus, in contrast, the attachment to 

the vertebral bodies is weak. Therefore, the tear can occur between the vertebral body and 

the end-plates from certain damage (Coventry, Ghormley & Kernohan 1945; Inoue 1981; 

Wong & Transfeldt 2007). The end-plates consist of proteoglycans, collagen fibres, and 

cartilage cells. There are more collagens close to the bone, and more proteoglycans and water 

near the nucleus pulposus (Roberts, Menage & Urban 1989). By having different compositions 

across the thickness, the end-plates act like a barrier preventing diffusion. 

Figure 2.4 Sagittal view of Functional Spinal Unit (FSU with the anterior longitudinal ligament (ALL) and posterior 
longitudinal ligaments (PLL) (Newell et al. 2017) 

Removed due to copyright restriction
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2.1.3 Functional Spinal Unit 

The functional spinal unit (FSU) is the smallest mechanical unit that can represent the 

characteristics of the entire spine. FSU consists of two adjacent vertebrae and an 

intervertebral disc (vertebra-disc-vertebra segment). FSUs include the anterior and posterior 

longitudinal ligament and the posterior elements (Figure 2.4). 

 

2.1.4 Comparison of Sheep and Human Lumbar Spine 

Obtaining human cadaveric spines are expensive as well as difficult since there would be 

diversity from age, gender, disease, and other genetic factors. Therefore, animal spines are 

often used as substitutions to investigate human spinal characteristics. The sheep spine is one 

of the substitutions and shares a similar anatomical structure to the human spine. Human 

spines have 5 lumbar vertebrae, on the other hand, sheep spines have 6-7 lumbar vertebrae. 

Sheep lumbar vertebra and discs are smaller in size compared to human spines (Wilke et al. 

1997). Although there are differences in the curvature of the spine, geometry of vertebrae, 

the number of lumbar vertebrae, sheep spine have the most similarity in lumbar and thoracic 

regions (Wilke et al. 1997). There is also a similarity between sheep and human lumbar spine 

in terms of biochemical composition. The nucleus pulposus of the sheep spine consists of 

approximately 80-86% of water and the anulus pulposus contains collagen content at 30% 

(Leahy & Hukins 2001; Reid et al. 2002). Therefore, the sheep lumbar spine can be an 

appropriate model for the studies of the human lumbar spine. 

 

2.2 Biomechanical Testing of the Intervertebral Disc 

The human spine moves in multi-directional, 6 degrees of freedom (DOF) movements, under 

dynamic loads during daily activities. Investigation of the response of spines is critical in 

developing new spinal implants and surgical treatments for disc injuries. Human and animal 

FSUs were used to conduct mechanical tests and to investigate the viscoelastic properties of 

the disc. The mechanical testings have been conducted under uniaxial compression (Koeller 

et al. 1986; O’Connell et al. 2011), however, the spine experiences loading in multiple 

directions and a combination of those. Therefore, studies have been developed to investigate 

the spinal behaviour in 6DOF loadings (Ding et al. 2014; Panjabi et al. 2001; Panjabi, Krag & 

Goel 1981; Patwardhan et al. 1999; Wilke et al. 1994). 6DOF loadings include left and right 
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lateral shear, posterior and anterior shear, left and right lateral bending, left and right axial 

rotation, flexion, extension, and compression (Figure 2.5). 

Figure 2.5 6DOF loadings along with x, y, and z-axes (Chang, Chang & Cheng 2011) 

2.2.1 Shear 

Shear loadings are translations of the spine in direction of forward, backward, and sideways 

which indicate anterior, posterior, and left and right lateral respectively. Investigation on the 

spine response to shear loadings has its importance in studying injuries and engagement of 

the facet joints (Kim et al. 2012; Marras et al. 2001). The shear forces generated in the human 

lumbar spine is typically in the range of 400-800 N (Callaghan & McGill 1995; Freudiger, 

Dubois & Lorrain 1999; Morris et al. 2000; Potvin, Norman & McGill 1991; Skipor et al. 1985), 

but the musculature plays a significant role in resisting shear approximately 200 N (Lu et al. 

2005).  

2.2.2 Lateral Bending 

Lateral bending is the loading applied moments along with the x-axis as shown in Figure 2.5, 

positive and negative direction for right lateral bending and left lateral bending respectively. 

Removed due to copyright restriction
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The movements result in either the left or right lateral anulus compressed and the other side 

is elongated. The bending moment could be a major factor of the damages on intervertebral 

discs and ligaments (Adams 2013). During liftings, the peak bending moment hardly exceeds 

25 Nm regardless of several variable factors and this indicates 40% of its elastic limit (Adams 

2013). The in-vivo range of motion for lateral bending is about 5° for L1-L4, 2° for L4-L5, and 

1° for L5-S1 (Adams 2013) (Figure 2.6). 

Figure 2.6 Range of motion in the lumbar spine. Values for lateral bending and axial rotation are the average of left and 
right from the neutral position (Adams 2013) 

2.2.3 Axial Rotation 

Axial rotation is the torsion of the spine including left and right axial rotation. The bending 

movements are generally involved in axial rotation movements (Pearcy & Tibrewal 1984). The 

lamellae in the same direction of axial rotation are stretched and alternating lamellae are 

loosened under axial rotation. The trunk muscles generate torsional moments of 50-80 Nm 

(McGill 1992) with the contribution of back muscle about 5 Nm (Macintosh, Pearcy & Bogduk 

1993). The in-vivo range of motion for axial rotation is only about 1° in the entire lumbar level 

(Adams 2013) (Figure 2.6).  

2.2.4 Flexion and Extension 

Flexion is the motion of leaning forwards the entire lumbar spine by unfolding lumbar lordosis 

and extension is the converse of the flexion (Bogduk 1997).  During flexion, the anterior anulus 

Removed due to copyright restriction
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is compressed, while the posterior anulus is stretched and vice versa under extension. The 

range of motion for flexion (8-13°) is much higher compared to extension (1-5°) (Figure 2.6), 

due to the posterior elements of the lumbar spine. The facet joints play a role as a limitation 

of movement under extension. The posterior ligaments (posterior longitudinal ligament, 

superspinous ligament, and interspinous ligament) (Figure 2.6) are stretched during flexion, 

on the other hand, only the anterior longitudinal ligament is stretched without other 

ligaments’ engagement under extension (Adams 2013).  

 

2.2.5 Compression 

Under compression, the hydrostatic pressure occurs in the nucleus, and the anulus bulges 

radially outwards (Adams 2013). This results in the lamellae collagen fibres stretching in 

tension. The response to compression loads depends on the shape and size of the disc (Adams 

2013). A high ratio of height to the area will generate higher tensile stresses at the outer 

anulus, and more radial bulging under the same applied compressive force (Lu, Hutton & 

Gharpuray 1996). Some experiments quantified that under approximately 2 kN of 

compressive force results in stretching the collagen fibres by less than 2% and bulging radially 

by 0.4-1.0 mm (Adams 2013; Stokes 1987). 

 

2.3 Previous Studies 

A study discussed on pros and cons of load control and position control analysis on the human 

spine. The study suggested that the pure moment can be applied in load control mode, and 

this can simulate clinically relevant motion (Goel et al. 1995). However, the discussion was 

based on several assumptions without experimental qualitative comparisons. This might be 

because of the absence of testing equipment, hard to obtain accurate measurements. A 

recent study has provided qualitative comparisons on the shape of the load-displacement 

curves obtained from both position and load control (Pascual et al. 2016). The study only 

conducted comparisons between with and without preload under two control modes. 

The importance of this thesis is to introduce hybrid control and perform comparisons 

between three different control modes that have not yet been published. The thesis also aims 

to compare important mechanical properties and introduce further discussion assessing 

physiological relevance between the control modes. 
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CHAPTER 3: METHODOLOGY 

The method of study primarily consists of specimen preparation, potting, hydration, and 

mechanical testing in the hexapod (Figure 3.1). Pilot testings were required to develop the 

testing protocol. Based on the result of pilot testings, the testing protocol was modified, and 

further mechanical testings were conducted repeatedly. 

Figure 3.1 Flow chart of main steps of testing protocol 

3.1 Specimen Preparation 

Two sheep lumbar spines from the same lumbar column were used for the pilot testing. Five 

sheep lumbar spines were collected from Bamyan Supermarket (5/100 Philip Hwy, Elizabeth 

South SA 5112) stored in the freezer at -20°C (Table 3.1). The specimens are aged around 2 

years and weigh around 20-25 kg of the same breed. 
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Table 3.1 List of the specimens used for the study. The code name was used for identifying different specimens. 

 

3.1.1 Dissection 

Before the dissection of soft tissue, the specimen needs to be put out of the freezer and 

thawed at room temperature three hours before the dissection. A scalpel and knife were used 

to remove unwanted muscles and ligaments. During the dissection, the damages on the disc 

were checked and excluded the specimens which have damages on the desired level of the 

disc. In this study, however, the damage was found on the specimen for the pilot test. The 

discs need to be visible while paying attention not to make any damage on the discs (Figure 

3.2). Once the dissection is done, the specimen is kept in the freezer again covered by gauze 

soaked with saline and sealed in plastic bags. 

 

   
Figure 3.2 The sheep lumbar spine before the dissection (left) and after the dissection (right) 

 

3.1.2 Cutting 

Cutting the specimen into FSUs was followed by the dissection. The markings on the specimen 

were performed before cutting. Visible marks were drawn to indicate where to be cut and 

where to be kept by marker pens. The specimen was put out of the freezer and thawed at 
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room temperature for three hours. The FSUs were obtained by cutting with a bandsaw 

machine. The superior and inferior vertebrae were cut parallel to the mid-transverse plane of 

the intervertebral disc. The height of the FSU must be over 60 mm to avoid failing during 

hexapod mechanical testings. The transverse processes were removed by cutting (Figure 3.3) 

and spinal cords were also removed. Each FSU was sealed in plastic bags with proper labels 

and kept in the freezer. 

 
Figure 3.3 The specimen (FSU, L4-L5) after cutting 

 

3.2 Specimen Potting 

Potting is a procedure of fixing the specimen in stainless-steel top and bottom cups of the 

hexapod performed a day before the mechanical testing. Before potting, the specimen was 

placed at room temperature for thawing, and measurements of FSU height, superior and 

inferior vertebra height, the height of the disc, and the dimension of the vertebral end-plates 

were performed. The measurements of heights of FSU, superior and inferior vertebra, and 

disc were used to calculate the z-offset of the hexapod. The dimension of vertebral end-plates 

was calculated by measuring the anterior-posterior diameter and lateral diameter of both 

superior and inferior end-plates. From the dimension of the superior and inferior top 

vertebra, the disc area was calculated and used for obtaining preload, follower load, and 

reference load, equivalent to nucleus pressure of 0.1 MPa, 0.5 MPa, and 0.6 MPa respectively. 

Specimens were potted in the cup with polymethyl methacrylate (PMMA) which is made of a 

powder and liquid methyl methacrylate monomer. The ratio of powder to liquid is 2.5 mL to 

1mL. The specimen is placed in the bottom cup aligning the centre of the disc and the cup. 

Once the specimen is positioned properly, the solution of PMMA is poured enough to cover 

the inferior vertebra, but not the disc. For the potting of the top cup, blocks (8.1 mm or 12.9 

mm) were used for increasing the total height of the bottom cup-FSU-top cup to avoid failure 
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of the disc during the hexapod mechanical testing. For the top cup, enough amount of PMMA 

was poured to cover the gap from blocks and superior vertebra to hold the specimen properly 

(Figure 3.4) (Appendix A). 

 

 
Figure 3.4 Alignment of the centre of the disc and the bottom cup and the disc covered with saline-soaked gauze (left) and 

completion of potting with the top and bottom cups (right) 

 

3.3 Geometric Centre Measurement  

The geometric centre of the specimen was measured after the bottom cup fixation with 

PMMA. The measurement was performed by measuring the distance between the inner ring 

of the bottom cup and the centre of the disc. Since the centre of the rotation of the specimen 

can vary depending on the size of the specimen as well as the position of the specimen in the 

cup, the hexapod uses offsets to generate movement according to the specimen’s centre of 

rotation. Both x-axis and y-axis distances were measured, and x-offset and y-offset were 

calculated. The z-offset was obtained from the area of the disc (Section 3.2) (Appendix B).  

 

3.4 Hydration and Preloading 

To generate a physiological environment, the specimen was kept hydrated, and preload was 

applied to the specimen a day prior to the mechanical testing. Due to the viscoelastic 

properties, the specimens are temperature and hydration-dependent (Costi, Hearn & 

Fazzalari 2002; Pflaster et al. 1997; Race, Broom & Robertson 2000). Therefore, the specimens 

were immersed in a 0.15 M phosphate-buffered saline at room temperature throughout the 

testing (Costi et al. 2008). The specimen was subject to an axial compressive preload 
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overnight (over 12 hours) before the mechanical testing. The preload is equivalent to a 

nucleus pressure of 0.1 MPa which represents the unloaded condition while sleeping to reach 

a steady-state of hydration equilibrium (Wilke et al. 1999).  

 

3.5 Hexapod Testing 

 
Figure 3.5 The hexapod robot with x, y, and z-axes displaying mobile upper plate, load cell, six ball screw actuators, and six 

linear optical encoders. Specimen sits on the base pillar as indicated ‘S’ in the black square. 

 

The hexapod at Flinders University is a mechanical testing robot that can conduct 6DOF 

loadings based on the Stewart platform (Ding et al. 2014). The hexapod can generate not only 

single-axis movements but multi-axis displacement and rotations. The hexapod consists of a 

load cell on the top, a mobile upper plate, and a base pillar where the specimen is inserted 

in-between. The six ball screw actuators support the load cell which produces the required 

displacement or rotation. The top cup of the specimen was bolted into the mobile top plate 

and the bottom cup was bolted to the base pillar. The actuators drive the load cell while the 

base is fixed, thus the motion can be created to the specimen. Six linear optical encoders are 

attached to the actuators independently and encoders measure the displacements and 

rotations of the specimen. The position control was performed by setting the displacement 
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or rotation of the desired axis while the other axes are controlled. The load control allows the 

specimen to move under pure forces or moments with real-time minimisation of other 5DoF 

coupling forces or moments. The hybrid control applies the displacement or rotation with 

minimisation of all off-axis coupling forces and moments. 

 

3.5.1 Pilot Testing 

To ensure the testing protocol could meet the aim of the study, pilot testing was conducted 

in the hexapod. The order of control modes was determined as position control, load control, 

and hybrid control. 6DOF loadings were applied in each control mode in order of shear, axial 

rotation, lateral bending, flexion, extension, and compression to minimise the biphasic effect 

(Costi et al. 2008). A compressive axial follower preload (Patwardhan et al. 1999) was applied 

to all 6DOF load tests equivalent to a nucleus pressure of 0.5 MPa which represents a relaxed 

standing load (Wilke et al. 1999). This allows to minimise all off-axis force and moments to 

zero (Amin et al. 2016). 

Under position control, the specimen was subjected to dynamic haversine displacements 

/rotations in each DOF while in the other 5DOF coupling displacements/rotations were 

constrained.  The displacement amplitudes were applied as: ±0.6 mm for shear tests, ±2° for 

axial rotation, ±3° for lateral bending, 5° for flexion, 2° for extension, and 0.3mm for 

compression (Costi et al. 2008) (Figure 3.6). For each DOF, five cycles of dynamic haversine 

were applied at 0.1Hz, followed by a compressive creep recovery at 0.1MPa equivalent 

nucleus pressure for two minutes. 

From the position control, the maximum reaction forces and moments of the final cycle were 

extracted and applied to each 6DOF testings in load control mode. The maximum reaction 

forces and moments were obtained in MATLAB by detecting the maximum value of the final 

cycle in a load-displacement curve (Figure 3.7). Load control testings were conducted as 

applied input loads while off-axis forces and moments were minimised via real-time load 

control (Lawless et al. 2014). 

Under hybrid control, the same amplitudes of displacements/rotations were applied to the 

specimen as in position control while minimising off-axis forces and moments to zero as a 

combination of position control and load control. Two hours of recovery were conducted 

between control modes (Figure 3.6). 
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Figure 3.6 Testing protocol and the sequence of 6DOF loadings for each control mode 

 

 
Figure 3.7 Plot of anterior shear test from MATLAB displaying 6DOF plots of displacement, rotation, force, and moment 
according to time, and a load-displacement curve highlighting final cycle in green with stiffness, phase angle, hysteresis 

area, and hysteresis coefficient 

 

Specimen CM01 and CM02 (Table 3.1) were subjected to the pilot testings. The data was 

extracted from the hexapod host computer and converted with LabView. The converted data 

was processed with MATLAB plotting 6DOF graphs of displacement, rotation, force, and 

moment according to time, and load-displacement curves with stiffness, phase angle, 

hysteresis area, hysteresis coefficient, and maximum reaction forces/moments of the final 

cycle (Figure 3.7) (Appendix C).    
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3.5.2 Pilot Testing Result 

The result from CM01 and CM02 showed that the maximum reaction forces/moment under 

load control was not able to reach the input load obtained from position control (Figure 3.8) 

(Appendix D.1, Appendix D.2). Therefore, CM02 was subjected to another testing with 10 

cycles at 0.1Hz for each 6DOF load to ensure the hexapod has sufficient time to condition for 

producing movement as desired loads. The displacement amplitude of flexion was changed 

to 7° due to the low maximum reaction moments obtained from hybrid control (Appendix 

D.3). However, with 10 cycles, the result was still not able to reach the same level of input 

load under load control (Figure 3.8).  

 

  
Figure 3.8 Mean (95% CI) percentage difference of maximum reaction forces/moments (ControlMode 1: position control vs 

load control, ControlMode 2: position control vs hybrid control) from CM01 and CM02 displaying the maximum reaction 
forces/moments under load control undershoot compared to position control except for PS and Comp (ControlMode1) 
[Left]. Percentage difference of maximum reaction forces/moments from CM02 with 5 cycles and 10 cycles. The plot 

indicates load control with 10 cycles undershoot the maximum reaction forces/moments in RLS, PS, LAR, RAR, LLB, Flex, Ext, 
and Comp compared to position control [Right] Note: LLS=left lateral shear, RLS=right lateral shear, PS=posterior shear, 
AS=anterior shear, LAR=left axial rotation, RAR=right axial rotation, LLB=left lateral bending, RLB=right lateral bending, 

Flex=flexion, Ext=extension, and Comp=compression. 

 

3.5.3 Testing 

The testing protocol was changed in order of load control, position control, and hybrid 

control. The sequence of the 6DOF loading remained the same as the pilot test while the 

amplitude of forces/moments applied as; ±200 N for shear tests, ±5 Nm for axial rotation, 

lateral bending, flexion, and extension. For compression, an equivalent nucleus pressure of 

1.1 MPa was applied (Amin et al. 2016). The ranges of motion under applied forces/moments 

were extracted and applied to position control and hybrid control. Five sheep lumbar FSUs 

(L4-L5) were subjected to the tests. 
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Figure 3.9 Final testing protocol and the sequence of 6DOF loadings for each control mode 

 

3.6 Data and Statistical Analysis 

The data from hexapod were converted with LabView and processed with MATLAB plotting 

6DOF graphs and load-displacement curves and calculating mechanical properties as 

described previously (Figure 3.7). The stiffness was calculated as 70-90% of the maximum 

reaction forces/moments from the last loading cycle (Appendix C). 

Two-way repeated-measures ANOVA was performed on each of the outcome measures of 

stiffness, phase angle, hysteresis area, hysteresis loss coefficient, and maximum reaction 

forces/ moments, having two within-subjects factors of control modes and 6DOF loadings 

(𝑝 < 0.05  significant) (Appendix F.1). Pairwise comparisons using Bonferroni adjustment 

were performed in each 6DOF loadings between the control modes (Appendix F.2). Finally, 

the mean percentage differences were compared between load vs position and load vs hybrid 

as well as between hybrid vs load and hybrid vs position (Appendix G, Appendix H). 
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CHAPTER 4: RESULTS 

No specimens were excluded from the analysis and there was no evidence of tissue 

putrefaction or slippage of specimens during testing. All the outcome measures of 6DOF 

loadings from five specimens (n=5) were calculated and included for percentage differences 

for left lateral bending from CM05 (n=4) (Appendix E.1, Appendix E.2, Appendix E.3, Appendix 

E.4, Appendix E.5). The hexapod batch file of left lateral bending under position control was 

overwritten as right lateral bending, thus left lateral bending was not conducted on specimen 

CM05. Therefore, the statistical analysis contains the outcome measures from CM03, CM04, 

CM06, and CM07 (n=4) (Appendix F.1, Appendix F.2). 

 

4.1 Stiffness 

The overall main effects of control mode (𝑝 < 0.001), 6DOF loading (𝑝 < 0.001), and the 

interaction of control mode*6DOF loading ( 𝑝 < 0.001 ) were significant for stiffness. 

Significant pairwise differences for stiffness were found between load control and position 

control in right lateral bending (𝑝 = 0.003), flexion (𝑝 = 0.028), and compression (𝑝 = 0.04), 

and between load control and hybrid control in right lateral bending (𝑝 = 0.003), flexion (𝑝 =

0.031), and compression (𝑝 = 0.038) (Figure 4.1). 

 

 

  
Figure 4.1 Mean (95% CI) comparison of stiffness with L.Stiff for stiffness  under load control, P.Stiff for stiffness under 

position control, and H.Stiff for stiffness under hybrid control 
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The differences between mean (95% CI) percentage differences of load control to position 

control and that of load control to hybrid control showed greater in left lateral shear, right 

lateral shear, left axial rotation, and right axial rotation (> 10%) than other directional 

loadings (Figure 4.2). 

 

 

 

 
Figure 4.2 Mean (95% CI) percentage differences of load control to position control (LP, blue line) and load control to hybrid 

control (LH, green line) in stiffness, phase angle, hysteresis area, hysteresis loss coefficient, and maximum reaction 
forces/moments 

 

4.2 Phase Angle 

For phase angle, the overall main effects of control mode (𝑝 < 0.001), 6DOF loading (𝑝 <

0.001), and the interaction of control mode*6DOF loading (𝑝 < 0.001) were significant. 



 31 

There were significant pairwise differences for phase angle found between load control and 

position control in left lateral bending (𝑝 = 0.036) and flexion (𝑝 = 0.008), and between load 

control and hybrid control in left lateral bending (𝑝 = 0.039), right lateral bending (𝑝 =

0.028 ), and flexion ( 𝑝 = 0.003 ). The differences between mean (95% CI) percentage 

differences of load control to position control and that of load control to hybrid control 

showed greater in left lateral bending, right lateral bending, flexion, and compression (>

10%) than other directional loadings (Figure 4.2). 

 

 
Figure 4.3 Mean (95% CI) comparison of phase angle with L.Phase for phase angle under load control, P.Phase for phase 

angle under position control, and H.Phase for phase angle under hybrid control 

 

4.3 Hysteresis Area 

The overall main effects of 6DOF loading (𝑝 < 0.001) and the interaction of control mode 

*6DOF loading (𝑝 = 0.004) were significant for hysteresis area. The overall main effects of 

control mode were not significant (𝑝 = 0.805). There were significant pairwise differences 

for hysteresis area found between load control and position control in left lateral bending 

(𝑝 = 0.042), right lateral bending (𝑝 = 0.003), and compression (𝑝 = 0.035), between load 

control and hybrid control in left lateral bending (𝑝 = 0.04) and right lateral bending (𝑝 =

0.006), and between position control and hybrid control in right lateral bending (𝑝 = 0.02). 

The greater differences between mean (95% CI) percentage differences of load control to 
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position control and that of load control to hybrid control were found in left lateral shear, 

right lateral shear, left axial rotation, right axial rotation, and compression (> 10%) than 

other directional loadings (Figure 4.2). 

 

4.4 Hysteresis Loss Coefficient 

For hysteresis loss coefficient, the overall main effects of control mode (𝑝 = 0.004), 6DOF 

loading (𝑝 < 0.001), and the interaction of control mode*6DOF loading (𝑝 < 0.001) were 

significant. There were significant pairwise differences for hysteresis loss coefficient found 

only in flexion between load control and position control (𝑝 = 0.008) and between load 

control and hybrid control (𝑝 = 0.018). The greater differences between mean (95% CI) 

percentage differences of load control to position control and that of load control to hybrid 

control were found in left lateral bending, right lateral bending, and compression (> 10%) 

than other directional loadings (Figure 4.2). 

 

4.5 Maximum Reaction Forces/Moments 

The overall main effects of control mode (𝑝 < 0.001), 6DOF loading (𝑝 < 0.001), and the 

interaction of control mode*6DOF loading ( 𝑝 < 0.001 ) were significant for maximum 

reaction forces/moments. There were significant pairwise differences for maximum reaction 

forces/moments found between load control and position control in left lateral bending (𝑝 =

0.027), right lateral bending (𝑝 = 0.005), flexion (𝑝 < 0.001), and compression (𝑝 = 0.001), 

between load control and hybrid control in left axial rotation (𝑝 = 0.031),  left lateral bending 

(𝑝 = 0.011), right lateral bending (𝑝 = 0.003), flexion (𝑝 < 0.001), and compression (𝑝 =

0.001), and between position control and hybrid control in right axial rotation (𝑝 = 0.022). 

The differences between mean (95% CI) percentage differences of load control to position 

control and that of load control to hybrid control showed greater in left lateral shear, right 

lateral shear, left axial rotation, and right axial rotation (> 10%) than other directional 

loadings (Figure 4.2). 
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CHAPTER 5: DISCUSSION 

5.1 Comparison of Mechanical Properties 

The result identified differences in mechanical properties between control modes. The overall 

within-subjects effects revealed the first hypothesis of the study that there were significant 

differences in all mechanical properties between load, position, and hybrid control. The major 

differences were observed in the bending, flexion, extension, and compression motion of 

spine segments. In these directional loadings, the stiffness and energy absorption which can 

be interpreted by hysteresis area were significantly low under load control compared to those 

under both position and hybrid control as the second hypothesis. This may be induced by the 

sequence of testing, cumulative creep from the constant application of a follower load during 

the testing, and/or control system of the hexapod. 

The testing sequence was adopted from a previous study to minimise the biphasic effect of 

the specimen (Costi et al. 2008). Conducting the viscoelastic directions before the poroelastic 

directions were expected to produce the least cumulative impact from fluid flow (Amin et al. 

2016). The shear tests were not expected to generate a fluid transfer, however, the sequence 

of the 6DOF loading would have impacted the outcome measures as the steep decline was 

found between axial rotation and bending (Figure 4.1). 

Under the motion of bending, flexion, extension, and compression, the fluid flow of the disc 

was more involved due to the volume change compared to under shear motions. This would 

result in significant differences under those directions causing cumulative creep. The creep 

recovery may increase the stiffness by reducing disc height and exerting fluid (Amin et al. 

2016). Therefore, the change of disc height may result in exhibiting higher stiffness at later 

directional tests. 

The major factor of the study was to conduct three different control modes as the study 

desired. To achieve the aims of the study, changes have been made to the functions of the 

hexapod’s control system throughout the study. The adaptive tuning function was applied to 

the overnight hydration to ensure the specimen undergoes the overnight loading as its 

natural reactions against it. To allow the specimen to find its neutral position, the function 

that constrains all the axes except for Tz was applied. Due to the current setting of the control 

system, the start displacement/rotation points were not able to be changed. The major 
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differences in starting point were found under bending, flexion, extension, and compression. 

In position and hybrid control, the starting points were different from load control, and this 

may result in different motion paths although the same amplitudes of range of motion were 

applied. The adaptive tuning was applied to all control modes, however, load control only 

used adaptive tuning for the first four cycles and fixed its stiffness after on. This may result in 

producing undesired outcomes as it would not “pure” load control with fixed control. 

Other factors might cause differences in outcome measures such as the potting the specimen 

and inserting procedure of specimen into the hexapod. The potting was performed and 

measured offsets by hand, therefore, there should be human errors introduced. The number 

of bolts was used to assemble base pillars and install the specimen potted in the cup, thus 

some differences could be made due to the unbalanced forces from bolt screwing. The 

procedure has changed during the study that the bolts between the mobile top plate and load 

cell must be screwed with a torque wrench. 

 

5.2 Assessing Physiological Relevance 

The study hypothesized that hybrid control would provide a better indication of spinal 

movement. With a given displacement/rotation in position control, the magnitude of loads 

would vary along the spine segment because of the off-axis coupling forces/moments and the 

variation of displacement, zero at the base and desired value at the top (Goel et al. 1995). 

Another limitation of position control is that it is difficult to obtain desired outcomes with 

extremely stiff specimens. Load control seems to be a more proper experiment for the spine 

segment, it also has a limitation that it can produce false results due to the transition of the 

movement under load control. The response flexion loading can be altered due to the 

application of compressive force (Panjabi et al. 1977). This may result in miscalculation of the 

outcomes while compression reduces the stiffness of the specimen (Goel et al. 1995). 

Therefore, the study investigated comparisons of hybrid control to load control, and hybrid 

control to position control (Appendix H). 

The result showed that there were greater differences between the mean percentage 

difference of hybrid control to load control and hybrid control to position control; right axial 

rotation, left lateral bending, right lateral bending, flexion, extension, and compression in 
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stiffness (> 100% ), left lateral shear, left lateral bending, right lateral bending, flexion, 

extension, and compression (> 20%) (Figure 5.1).  

 

  
Figure 5.1 Mean (95% CI) percentage differences of hybrid control to load control (HL, blue line) and hybrid control to 

position control (HP, green line) in stiffness and phase angle 

 

However, the outcome measures of stiffness under hybrid in those directional loadings were 

too small ( > 1 N/mm) to provide an appropriate comparison. Therefore, it is yet difficult to 

clarify which control mode represents more-physiological spinal movement. 
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CHAPTER 6: CONCLUSIONS AND FUTURE WORK 

6.1 Conclusion 

The study developed a testing protocol to compare the outcomes between position control, 

load control, and hybrid control. The testing protocol was conducted in order of load control, 

position control, and hybrid control. The ranges of motion were extracted from load control 

testing and applied to position and hybrid control testings. This provided a better comparison 

between control modes in shears, but the maximum reaction forces/moments were still not 

able to reach the input loads in bending, flexion, extension, and compression. 

With the test protocol, the study identified differences in mechanical properties between the 

control modes. Five specimens were subjected to the 11 directional loadings with 5 cycles at 

0.1 Hz. Significant differences were found in bending, flexion, extension, and compression 

supporting a previous study (Amin et al. 2016). This may be attributed to the 6DOF loading 

sequence, cumulative creep, and the hexapod control system. Due to the different fluid 

involvement of discs under different directions of loadings, the result exhibited significant 

differences under the directional motions that cause the change of disc height and fluid 

excursion. The hexapod control system contributed significantly to the overall testing 

protocol. There was a different application of adaptive tuning between the control modes, 

and possible human errors during potting and inserting specimens on the hexapod. 

The comparisons of hybrid control to load control and position control displayed differences 

in lateral shear, bending, flexion, extension, and compression. The study hypothesised that 

the hybrid control would provide a better demonstration of in-vivo like spinal movement, 

however, there should be more studies and testings followed to assess physiological 

relevance between the control modes. 

There are some limitations from this study that need to be considered. The frequency of each 

6DOF loading was fixed at 0.1Hz. The different frequencies would make different outcomes 

as the specimens have time-dependent viscoelastic properties. The number of specimens also 

needs to be considered because the sample size of N=5 FSUs would not be reasonable. Due 

to the limitations of the hexapod control system, it is suggested to develop a function that 

can control the start point of each directional loadings to obtain an appropriate comparison 

of motions under different control modes. 
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6.2 Future Work 

Further work is required to develop a testing protocol that can compare mechanical 

properties more accurately by creating a function of “ramp” the starting point. Due to the 

different starting points of each control mode, the motion paths showed significantly 

different stiffness and energy absorption. By ramping up/down the starting point under 

position and hybrid control to the same level as under load control, it is expected that the 

outcome provides more similar motion paths between the control modes. This will provide a 

clue of assessing physiological relevance between position control, load control, and hybrid 

control. 

Different frequency of 6DOF testings needs to be conducted and compared. The study only 

provided an outcome of 0.1Hz, therefore, testings at lower frequencies would be reasonable 

to conduct to avoid specimen failure by applying higher loading frequencies. 

This study is continuing with intention of publication in 2022. The author is currently being 

participated in the extension of the thesis study.  The “ramp” function is being developed and 

the testings at 0.01Hz were conducted in flexion. Another directional testing at 0.01Hz will be 

conducted and data will be compared. 
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Appendices 

 

Appendix A: Potting Protocol 

 

Short & quick steps ( further details found below): 

 
1.        Measure height between superior endplate to base of inferior vertebra – this 

height (x) should be 13mm + disc < x < 45mm  

2.        Measure total FSU height. If less than 60 mm, use jacking screw to set interior 
cup separation to 60 mm when potting top cup. [Figure 4] 

3. Calculating top cup total alloy height (t) : 
4. Calculate Alloy spacing height (s) = 60mm - FSU height (?) 
5. Calculate total top cup alloy height (t) = alloy spacing height (s) ? + ~10mm potting 

height 
6. Stick tape width (w) = t + 3mm (tape comes in 25 and 50mm width). If a necessary 

change or trim tape: use Kapton Tape (heat resistant, 280C). Clean attaching surface 
properly with alcohol. Attach tape tight and evenly without folding. Allow a 
minimum of 3mm of tape above alloy. 

7. Dry Specimen: Assure there is no moisture on bone. Make sure all soft tissue is off 
of the bone using a scalpel.  Bare minimum: Make sure there is about 10 mm of 
exposed bone on superior and inferior bones (including on posterior elements).  
Take AP, lateral, and oblique pictures of specimen with label. [Figure 1] 
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Figure 1 

8. Make sure bottom and top cup have been thoroughly cleaned with alcohol. 

9. IMPORTANT: Make sure grub screws are screwed into thru holes. Do not force the 
grub screws into threaded holes because it can destroy them.  The grub screws can 
be screwed in with your hand.  

 
  

10. Tape off the bottom part of the Counterbore holes where the thru hole starts on the 
Top Cup.   

Clean bone 

Intact 

anterior 

ligamnet Intact Anterior Longitudinal Ligament 
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11. Tape around the top cup using Kapton tape to hold PMMA.  Taping height is t +3mm 
(check step 6 under preparation) [See figure below] 

 

12. Move to the Fume hood and lay down the bench coat. Make sure specimen, cups, 
and alignment rig are in the fume hood for potting in PMMA.  

13. Attach bottom cup with the plate to rig base. Make sure it is aligned correctly. 
[Figure 2] [Figure 3].  There is the only way to fix the bottom cup to the alignment 
plate so there is no chance of wrong orientation.   
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Figure 2 

 
Figure 3 

14. Dry specimen.   

15. Place the Specimen into the bottom cup. Make sure the specimen is not rotated.  
Check specimen orientation for proper placement of FSU in potting medium. Is the 
superior vertebra on top? Is the inferior vertebra the one at the base of the bottom 
cup?  Do the spineous processes line up with the permanent marker lines on the 
bottom cup?  

16. Mix PMMA at a ratio of: 1.7 mL Powder to 1 mL liquid. Make sure it is liquidy in 
nature.  To accomplish the liquidy feel of PMMA adds about 5 mL more of liquid to 
the mixture.    

a. Bottom Cup: Volumeà ~140 mL, Ratioà  88 mL Powder, 52 mL Liquid 

6 alignment plate
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17. Pour PMMA into the bottom cup.  Make sure PMMA is not higher than the bottom 
lip. Continuously pour PMMA or the PMMA will not harden as a whole unit.   

 
18. Allow PMMA to harden for about 15-20 minutes.  Record start and end time of 

PMMA hardening process on Datasheet.   

19. When the bottom cup is potted, measure 2 distances for IAR calculation [Figure 5] 
and record them in the datasheet.   

 
Figure the 5 

20. When the bottom cup is potted, using a caliper measure 2 distances for IAR 
calculation (Y and X from disc centre to inner edge of the cup), and record them on 
the datasheet. 

21. Use the inner diameter end of the caliper to measure the dise measurement [See 
Figure Below].   

22. Use the depth end of the caliper to measure disx.  First place a ruler flush against 
the alignment rig to find the middle of the vertebra (in line with the permanent 

disx

dise
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marker on the edge of the bottom cup [Figure 6].  Then place the one-end depth 
end of the caliper on the outer edge of the bottom cup and pull it out until it hits 
the ruler and makes a square corner/edge.  Take the caliper measurement and 
subtract 14 mm (thickness dimension of the bottom cup) to obtain disx 
measurement.  [PICTURE of the caliper and the process] 

23. Detach bottom cup from rig base 

24. Attach top cup with alignment plate to rig base 

25. Attach the bottom cup to slide mount so it is upside down and let it rest on the pin. 

26. Place Jacking Screw (Stopper for height) in the correct position.  (Tirad: used when 
total FSU height is less than 60 mm to set interior cup separation to 60 mm when 
potting top cup) 

27. Lower the specimen into the top ca up. Use jacking the screw for the right potting 
height! [Figure 7] Place it at the marked position to keep the mount slide at distance 
from the alignment rig base. The specimen and hexapod are now aligned. Potting 
height is now kept at 60 mm inside the cups [Figure 4] Watch when lowering the 
bottom cup if posterior elements of the specimen fit into the diameter of the top 
cup! 

 
Figure 7 

28. Mix PMMA at a ratio of: 1.7 mL Powder to 1 mL liquid. The volume and ratio 
amounts are located on Data Sheet.  Make sure it is liquidy in nature.   

a. Top Cup: Volumeà Varies, should calculate each time by finding the new 
potting height (Figure 4, Preparation)  

i. Example: FSU height: 60 mm, t=12 mm, Volumeà~140 mL, Ratioà88 
mL Powder, 52 mL Liquid  

29. Pour PMMA into the top cup. Make sure PMMA is 3 mm below tape edge and the 
right potting height, t.   

30. Allow Specimen to cool for 15 minutes.  

23 top cup

2 bottom cup

6 alignment plate

6 alignment plate

0 alignment rig
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Appendix B: Geometric Centre Measurement 
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Appendix C: MATLAB Codes 

Appendix C.1 6DOF plot and load-displacement curves for position, load, and hybrid control 

- The code needs to be run in a separate folder for each position, load, and hybrid control.
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Appendix C.2 Phase angle 
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Appendix C.3 Overnight hydration 
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Appendix C.4 Recovery between control modes 
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Appendix C.5 Comparison between the last cycles from each control mode 

- Variables from each control mode have to be extracted as ‘.mat’ files and numbers in the

bracket (i.e., Tx_pos.Tx_lastc(7)) need to be changed according to the order in each file.
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Appendix D: Pilot Test Result 

Appendix D.1 CM01 (5 cycles at 0.1Hz) 
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Appendix D.2 CM02 (5 cycles at 0.1Hz) 
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Appendix D.3 CM02-1 (10 cycles at 0.1Hz, Flexion magnitude: -7°) 
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Appendix E: Test Result 

 
Appendix E.1 CM03 (10 cycles at 0.1Hz, additional flexion test for 5 cycles at 0.01Hz) 
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Appendix E.2 CM04 (10 cycles at 0.1Hz, additional flexion test for 5 cycles at 0.01Hz) 
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Appendix E.3 CM05 (10 cycles at 0.1Hz, additional flexion test for 5 cycles at 0.01Hz) 
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Appendix E.4 CM06 (10 cycles at 0.1Hz, additional flexion test for 5 cycles at 0.01Hz) 
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Appendix E.5 CM07 (10 cycles at 0.1Hz, additional flexion test for 5 cycles at 0.01Hz) 
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Appendix F: Statistical Analysis 

 

Appendix F.1 Overall main effects and interaction effects (n=4, CM03, CM04, CM06, CM07) 

[Tests of Within-Subjects Effects] 
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[Profile Plots] 

Control_Mode: 1-load control, 2-position control, 3-hybrid control 

DOF: 1-LLS, 2-RLS, 3-PS, 4-AS, 5-LAR, 6-RAR, 7-LLB, 8-RLb, 9-Flex, 10-Ext, 11-Comp  

 

Stiffness 

 
 

 
Phase_Angle 
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Hysteresis_Area 

 
 
 

 
Hysteresis_Loss_Coefficient 
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Appendix F.2 Pairwise Comparisons (n=4, CM03, CM04, CM06, CM07) 
 
Control_Mode: 1-load control, 2-position control, 3-hybrid control 

DOF: 1-LLS, 2-RLS, 3-PS, 4-AS, 5-LAR, 6-RAR, 7-LLB, 8-RLb, 9-Flex, 10-Ext, 11-Comp  
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- Pairwise comparison between control modes with Bonferroni adjustment. Red starts 
denote significant differences. Error bars indicates 95% confidence. 
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Appendix G: Mean (95% CI) Percentage Differences (load vs position, 

load vs hybrid) 

- n=5 except for LLB under position control (n=4) 

- LP: load vs position (blue line), LH: load vs hybrid (green line) 

- Error bars indicate 95% confidence 
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Appendix H: Mean (95% CI) percentage differences (hybrid vs load, 

hybrid vs position) 

- n=5 except for LLB under position control (n=4) 

- HL: hybrid vs load (blue line), HP: hybrid vs position (green line) 

- Error bars indicate 95% confidence 
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