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Introduction 
 

The life is a complex concept that allows us to move and grow at the macroscopic scale. 

In the history of mechanics, living body were described with the same mathematical tools than 

inert body before the consideration of multi-scale organization. A living body is an auto-

maintained system requiring a description in relation with the biological, mechanical and 

chemical features. The first one can explains the microstructural development essential for the 

second one working, while the third one is strongly coupled with the second. A correct 

description of the life being is based on these three distinct disciplines which should interact.  

From global description of our body towards cellular description, the intermediate scale 

is essential, in which our organs and soft tissues are studied for the development of more 

accurate treatments. The word “biomechanics” finds its origin in the beginning of the twentieth 

century but this discipline is considered millenary with the oldest known prosthesis old by 3000 

years. 

Biomechanics progresses by the consideration of the specificity of our tissues. That 

leads to the development of new adapted scientific tools as continuum biomechanics with the 

capability to describe life. As an application of mechanical concepts on the biology, the 

biomechanics heads towards mechanobiology with the aim to understand living beings in 

relation with molecular constitution. The mutual effects are now highlighted especially for the 

study of biological changes induced by the time or the environment. The study of living being 

is based on application of mechanics strongly coupled with biology in the aim to understand 

physiology and development of disease towards enhancement of medical techniques. 

Nowadays, artificial devices have to be designed in order to interact with living tissues with the 

required care.  
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Understand the inevitable alteration is difficult without a correct description of a healthy 

tissue. It is a way to improve the medical devices with biomimetic materials usable in sport 

performance, plastic surgery or tissue engineering. Biomechanics is an interdisciplinary domain 

where biologists, chemists and physicists work with medical doctors for the improvements of 

our quality of life. 

In the context of changes in the lifestyle and the population aging, the aim of the present 

thesis is to focus on spine, considered as the most complicated join of our body. This 

fundamental element presents hierarchical organization with hard and soft tissues: vertebrae, 

intervertebral discs (IVDs) and ligaments. It is subjected to troubles for more and more people 

while being not well understood in the healthy state. The back pain concerns a growing part of 

the population with unclear multiple sources. The chronic pain founds often its origin in the 

IVD disorder. This soft tissue connecting two adjacent vertebrae is a fibrocartilage able to resist 

at high stresses induced by spine movements. The complex organization of the IVD, with 

nucleus pulposus in center and annulus fibrosus around, and the strong local heterogeneity make 

the understanding complicated. IVD malfunction is due to several interacting factors, involving 

chemical, biological and mechanical effects. This thesis is dedicated to the experimental and 

theoretical/numerical description of the healthy IVD in relation with the mechanical and the 

biochemical environment. A two-scale description is employed with a study at the IVD scale 

and at the AF scale. The thesis dissertation is divided into three Chapters.  

Chapter 1 provides the general biomechanical and biochemical considerations on IVD.  

Chapter 2 is dedicated to the experimental characterization of the osmo-inelastic 

coupling in healthy IVD and is divided into two parts. The first part is focused on the 

experimental study performed on functional units extracted from cervical spine of mature 

sheep. Multiaxial mechanical experiments provide some insights on the source of inelastic 

effects in relation with osmolarity by varying mechanical loading path. The second part reports 
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the experimental observations on the intrinsic response of AF in relation with microstructure, 

biochemical environment and strain-rate. An interpretation of the osmo-inelastic mechanisms 

is proposed at the two scales. 

Chapter 3 is dedicated to the constitutive modeling and simulation of osmo-inelastic 

coupling in healthy IVD and is divided into two parts. The first part is devoted to the 

formulation of a chemo-mechanical constitutive model taking into account the osmo-inelastic 

couplings in relation with heterogeneous and anisotropic features. This model is a new approach 

in the description of soft tissues able to reproduce osmo-induced volumetric changes at the AF 

scale in relation with microstructure, osmolarity and water content. The present formulation is 

implemented into a finite element program and used to reproduce the AF intrinsic response 

using the experimental observations reported in Chapter 2. In the second part, the constitutive 

model is applied to a finite element model of C5-C6 functional unit constructed from computed 

tomography. Comparisons with experimental data for different neck movements allows us to 

analyze the local fields in healthy IVD. Some elements towards a better understanding of the 

mechano-biological coupling in healthy IVD close this chapter. 

General conclusions and Research perspectives are presented at the end of the 

document.
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Chapter 1: General 

considerations 
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1.1. Public health issue 
 

The spine is composed by vertebrae and soft tissues, including intervertebral discs (IVDs) 

which provide flexibility and softening, with ligaments avoiding too large displacements. In 16 

developed countries, 47% of pains are located to the back and deteriorated IVDs are the second 

causes of chronic pain (Maetzel and Li, 2002; Breivik et al., 2006; Vos et al., 2016). Direct 

costs of back pain are estimated around 3 billion euros in France with significant impact on 

quality of life (Depont et al., 2010). This statistic increases in industrialized western countries 

(Frymoyer and Cats-Baril, 1991; Schmidt et al., 2007; Raspe, 2008; Hoy et al., 2012) due to 

changes in lifestyle. Multiple biological and sociological factors are predominant in back pain 

apparition. There is correlation with physical inactivity and overweight which is increasingly 

common in our society with time spent on watching TV or on computer (Adams and Hutton, 

1985; Skoffer and Foldspang, 2008). Compared to standing posture, sitting posture increases 

disc pressure which is associated with IVD degeneration and back pain (Makhsous et al., 2009; 

Aranjan Lione, 2013).This trouble is a public health issue and it justifies public health policies 

to prevent bad movements or posture which could cause back pain.  

 

1.2. Anatomical aspects 
 

1.2.1. Spine 
 

The spine or vertebral column provides the main support for our body, while protecting spinal 

cord from injury. The spine is classically separated into three distinct regions, at both functional 

and anatomical levels: the cervical, thoracic and lumbar regions, see Figure 1.1. There are 23 

intervertebral discs placed between each vertebra along the spine, except for the articulation 

between the first and second cervical vertebrae. Two adjacent vertebrae are interconnected by 

the IVD and ligaments and constitute the smallest physiological motion segment of the spine. 
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This segment, well-known as functional spine unit (FSU) is described the elementary element 

exhibiting the same biomechanical characteristics than the entire spine (White et al., 1990). 

 
Figure 1.1. Functional spine unit and vertebral column (White et al., 1990).  

 

1.2.2. Intervertebral discs 
 

The IVD is a vascular fibrocartilaginous medium that provides flexibility and softening of the 

spine thanks to a fibrous ring (annulus fibrosus: AF) and a gelatinous nucleus (nucleus 

pulposus: NP), see Figure 1.2. At the structural level, IVD is a hydrophilic reinforced medium 

where the solid phase and the fluid phase interact by osmotic effect with the microstructure 

(Urban and Roberts, 1995; Bibby et al., 2001; Kramer, 2009). NP is a gelatinous sub-

component, which transfers axial loads from the spine towards AF. At the micro-structural 

scale, the IVD is composed by collagen, proteoglycans (PGs) macromolecules and cellular 

population, varying in content according to the location. 
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Figure 1.2. Transverse (left) and sagittal (right) section through a L5-L6 IVD of a 2-years old 

chondrodystrophic dog, showing a fibrocartilaginous NP, a widened transition zone, and a 

normally structured AF (Smolders et al., 2012). 

 

1.3. Microstructural aspects 
 

1.3.1. Collagen 
 

Collagen is the most abundant protein of the human body. Nineteen types exist with 

predominance of type one in the AF and two in the NP. With length of 10 to 100 μm and 

diameters of between 100 and 200 nm (Inoue, 1981; Rannou et al., 2004), they define certain 

mechanical properties. Collagens that account for 44 to 51% of the dry mass of the IVD 

(Kraemer, 2009) are distributed differently according to the zones. Indeed, first type of collagen 

fibers is highly organized with strong tensile modulus that contributes to the AF resistance and 

help supporting a multiaxial mechanical loading. Second type is tangled with PGs 

macromolecules mainly in the NP as illustrated in Figure 1.3. The collagen fibers exhibit an 

increase in content in the AF, generating graded mechanical properties from inner part to outer 

part. Moreover, they present a variable orientation with approximately 23° in the IVD dorsal 

part and approximately 43° in the IVD ventral part (Holzapfel et al., 2005). 

 

 

NP 

 

AF 
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  (a)                                                                                   (b) 

Figure 1.3. Collagen fiber organization: (a) in AF, (b) in NP (Inoue, 1981). 

 

1.3.2. Proteoglycans 
 

The PGs represent the second major solid element of IVD with 5 to 15% of the weight (Bibby 

et al., 2001). They are organized as macro-aggregate with the remarkable particularity of being 

negatively charged. They consist of a core protein filament and glycosaminoglycan (GAG) 

chains, see Figure 1.4.  

 
Figure 1.4. Dark field electron micrograph of PGs macromolecules from bovine articular 

cartilage (×120000) and schematic representation of a PG macromolecule with GAGs chain. 

The bar at the lower right equals 0.5 µm (Rosenberg et al., 1975).  

Proteoglycan 

Glycosaminoglycans 
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The high polarity of the GAG gives the hydrophilic property to the PGs by osmotic effect, and 

then they act as lubricant and shock absorber in the IVD. The IVD hydration remains relatively 

constant thanks to osmotic effect and water is sucked especially when the disc is compressed. 

The induced internal osmotic pressure governs the mechanical behavior of the IVD while 

creating the essential internal fluid flow for the nutrient supply. 

 

1.3.3. Cellular population and nutrients supply 
 

The IVD consists thus in PGs molecules, collagen fibers and internal fluid, which represent 90 

to 95% of the disc (Bibby et al., 2001). The rest is minority molecules and cellular population 

designed for the production of PG and collagen. The IVD contains relatively few cells, 

compared to other articular cartilages, with approximately 3000 cells/mm3 in the NP, 9000 

cells/mm3 in the AF and 15000 cells/mm3 in the vertebral endplates (Maroudas et al., 1975; 

Rannou et al., 2000; Bibby et al., 2001). Two main types of cells are found in the IVD: 

fibroblasts, which are responsible for the production of first type of collagen mainly in the outer 

part of the AF, and chondrocytes, producing PGs and second type of collagen, are found in AF 

and NP (Bibby et al., 2001). The IVD is vascularized by arterioles during childhood, and then 

it becomes quickly avascular. The homeostasis depends thus on the nutrients supply and wastes 

evacuation. These phenomena depend on the internal fluid exchange with the closest vessels in 

the vertebral bodies and in the periphery of AF. 

 

1.3.4. Degeneration 
 

IVD is a wet tissue mainly composed by water, with 80% at birth and 60% in great age (Gu et 

al., 1999). Thanks to the fluid phase, IVD thickness decreases during the day and is restored 

during the night (de Puky, 1935). The age-dependency of fluid content induces changes in 

mechanical properties leading to degeneration; IVDs lose flexibility and become rigid 
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(Campana et al., 2011), then IVD diseases can occur as herniation, see Figure 1.5. Fixed charge 

density of PGs contributes to hydration, nutrition and compressive strength of the tissue (Urban 

et al., 1979). Alteration in the fixed charge density due to loss of PGs content (Lyons et al., 

1981; Urban and Holm, 1986; Antoniou et al., 1996) may explain the degeneration process due 

to increase in solid matrix stresses, decrease in fluid content, and bad nutrients supply inside 

tissue (Wills et al., 2016). 

 

 
Figure 1.5. Human lumbar IVD: (a) Healthy disc from a young adult, (b) Healthy disc from a 

middle-aged adult, (c) Herniated disc with signs of aging. A small quantity of NP (arrow) has 

herniated through the posterior annulus in response to severe mechanical loading. 

 

1.4. Nucleus pulposus 
 

At centrum, with 80% water content, and non-organized collagen fibers network, the NP is an 

isotropic incompressible gelatinous medium (Rannou et al., 2000). The NP, representing 30 to 

60% of the total surface area, absorbs and distributes the loads from the spine. Its cellular 

population, being mainly composed by chondrocytes, has an active metabolism ensuring a 

renewal of PGs and second type of collagen. The type of fibers changes gradually in nature by 

approaching the AF. The extracellular matrix of the nucleus is equivalent to that of cartilage, 
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with second type of embedded collagen fibers with large PGs macromolecules. Thanks to the 

water contribution, the NP generates hydrostatic pressure under axial loads (Nachemson and 

Morris, 1964; Wilke et al., 1999; Goins et al., 2005). The proportion of water is estimated at 

90% during childhood and decreases around 80% at 20 years old, to less than 70% after 60 

years old (Iatridis et al., 1997). The PGs content can decrease by 30% with aging depending on 

lifestyle with induced decrease in osmotic pressure. The NP (and inner part of the AF) is 

connected to the vertebral body via the vertebral endplates. Main contributor to the nutrients 

supply, the fluid flow is promoted by their porosity and their thickness about 0.6 mm. 

 

1.5. Annulus fibrosus 
 

The second part of IVD, around nucleus is AF. It is composed by PGs macromolecules 

embedded. However, in annulus, collagen fibers are regularly oriented to form a fiber reinforced 

deformable solid material (Ghosh et al., 1977). Collagen network gives to annulus mechanical 

resistance permitting to support high stresses. Indeed, AF has a very specific organization, it is 

composed by concentric lamellae around the nucleus (Marchand and Ahmed, 1990). Each 

lamella is reinforced by collagen fibers with angle and content depending on location. There is 

a regular circumferential evolution between ventro-lateral and dorsal part and an increase in 

content from inner part to outer part (Holzapfel et al., 2005). Moreover, there is 90° variation 

of the fiber angle between each lamella (Ghosh et al., 1977). Under compression, NP presses 

against AF, leading to circumferential tension. The graded property of AF in terms of collagen 

fibers content, and thus tensile strength, is accompanying with decrease in water content 

compared with the NP. Non-reinforced interlamellar zones between each lamellae have been 

recently studied (Tavakoli et al., 2016) especially due to their contribution to shear resistance 

of AF considered as main mode of damage. 
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1.6. Experimental pre-requests 
 

Experimental characterization of the biological tissue is a challenge. The variability and 

representativeness of the specimen mechanical response depends on many factors. The main 

problem in the human characterization comes from the samples provenance and the low 

available samples. The age of donators exceed 70 years old for the in-vitro studies (Panjabi et 

al., 1991; McBride et al., 1995; Weis et al., 1996). Therefore, the results are not representative 

of population and cannot provide correct behavior of the healthy IVD. In-vivo studies allow to 

include more young population but mechanical parameters are uncertain. The passage to the 

animal model was the solution of some authors against the lack of human samples. The ovine 

spine is close to human IVDs (see Figure 1.6). So, this is a good way to describe biomechanical 

behavior of IVDs (Wilke et al., 1997; Alini et al., 2008). The bovine spine is a good alternative, 

permitting extraction of biggest samples. Animal models are useful to have better understanding 

of healthy IVD behavior, however experiments need to be validated with human tissues and 

results have to be discussed. 

 
Figure 1.6. Motion range of different species (Alini et al., 2008). 
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Another requirement comes from the samples storage. Properties of biological tissues are 

altered ex-vivo within hours (Fung, 1981; Brown et al., 2003). Freezing implies microstructure 

damages (Bass et al., 1997) and decrease in PGs content resulting on chemical disorders. The 

osmotic pressure is thus altered as the mechanical behavior. Yet, some studies show freezing 

influence is negligible in compression, flexion or torsion (Smeathers and Joanes, 1988; Gleizes 

et al., 1998). The fresh tissues with short storage appear as good compromise. 

 

1.7. Thesis organization 
 

The complex behavior of healthy spine is studied since several years but a lot of features are 

not completely understood yet. This PhD thesis is focused on the structural and intrinsic 

response of the healthy IVD. Experimental characterization in relation with chemical 

environment and mechanical loading conditions are performed in Chapter 2. In Chapter 3, the 

observed chemo-mechanical couplings are then used to create a constitutive model able to 

reproduce the intrinsic response and to simulate the healthy IVD biomechanics. 
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Chapter 2: Experimental 

characterization 
 

Part 1: Osmo-inelastic response of 

the intervertebral disc1 
 

 

 
Abstract 

The intervertebral disc (IVD) exhibits a complex inelastic response characterized by relaxation, hysteresis during 

cyclic loading and rate-dependency. All these inelastic phenomena are dependent on the surrounding chemical 

environment in which the physiological fluid reacts with the soft tissue by osmotic effect. The coupling between 

osmotic and inelastic effects which usually appears together is far from being fully established. The research design 

adopted in the present part of the Chapter 2 is to study the behavior changes of the IVD in different mechanical 

and chemical conditions in the aim to highlight the existence of the osmo-inelastic couplings. Eighteen non-frozen 

specimens, extracted from cervical spines of mature sheep, were tested under different loading paths (tension, 

compression and torsion) at various loading rates and saline concentrations. Analysis of variance shows that the 

osmotic and inelastic effects are statistically significant (p<0.05) in tension and in compression. The osmo-inelastic 

features are found higher in compression than in tension, and almost imperceptible in torsion. An inverse chemical 

effect is observed between tension and compression due to modulation of the intradiscal pressure and the 

interactions between annulus fibrosus and nucleus pulposus. An interpretation of the underlying osmo-inelastic 

mechanisms is proposed in which two sources of inelastic effects are identified, i.e. extracellular matrix 

rearrangements and fluid exchange created by osmotic effect.  

Keywords: Intervertebral disc; Chemo-mechanical coupling; Inelastic effects; Mechanical loading state; Osmo-

inelastic mechanisms. 

 

 

                                                             
 

1 This Part of this chapter is based on the following paper: Amil Derrouiche, Fahmi Zaïri, Fahed Zaïri, Osmo-
inelastic response of the intervertebral disc, Journal of Engineering in Medicine, in press. 
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2.1.1. Partial introduction 
 

Chronic low back pain or neck pain is increasingly affecting people worldwide; it becomes the 

main reason for long-term disabilities in developed countries with a major socio-economic 

impact (Vos et al., 2016). Although the exact origin of the chronic back pain remains unclear, 

its correlation with the intervertebral disc (IVD) degeneration is commonly accepted (Cheung 

et al., 2009). The IVD degeneration is due to several interacting factors including biological 

and biomechanical malfunctions (Vergroesen et al., 2015). The natural effect of aging has, for 

consequence, to disturb the delicate homeostasis of the IVD, entering with the time in a vicious 

loop in which mechanical and biological phenomena are indeed interconnected. The IVD 

mechanical response at the macroscopic scale is entirely governed by the rearrangement of the 

collagen fibers and proteoglycans (PGs) that interact with a liquid phase composed of water, 

mobile charges and small proteins. In the healthy IVD, the negatively charged PGs generate an 

osmotic pressure through the liquid phase attraction. The decrease in PGs content with 

degeneration is accompanied by a water loss with age (Vergroesen et al., 2015): 70% water in 

healthy IVD and 61% water in Thompson grade III (Thompson et al.,1990; Gu et al.,1999). The 

IVD mechanical response is directly related to chemical disorders (Iatridis et al., 2005). Indeed, 

every change in osmolarity has a direct effect on the IVD mechanical behavior with variations 

in fluid content inside extracellular matrix and modifications in chemical equilibrium. The 

osmolarity variations are naturally present in the IVD via the internal fluid flow (Ferguson et 

al., 2004) due to the disc movement. The connection of the IVD degeneration with sustainable 

chemical changes and the related changes in mechanical properties may be also understood as 

a chemo-mechanical coupling.  

As a mechanical dashpot organ in the spine, the IVD exhibits a complex history-dependent 

response characterized by relaxation, hysteresis during cyclic loading and rate-dependency 

(Asano et al., 1992 ; Yingling et al., 1997; Smeathers and Joanes, 1998; Race et al., 2000; 
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Holzapfel et al., 2005; Kemper et al., 2007; Costi et al., 2008; Newell et al., 2016, 2017; 

Tavakoli and Costi, 2018). 

The inelastic behavior, that assures a more even distribution of local stresses, is a fundamental 

characteristic of the healthy IVD provided by its two main subcomponents, i.e. inner nucleus 

pulposus (NP) and outer annulus fibrosus (AF). The respective role of NP and AF during motion 

of the functional spine unit (FSU) has to be understood through their interactions and their 

specificities, e.g. NP migration (Seroussi et al., 1989; Osti and Fraser, 1992; Balkovec and 

McGill , 2012; Kim et al., 2017) and AF micro-structure (Cassidy et al., 1989; Marchand and 

Ahmed , 1990; Newell et al., 2017). Cyclically loaded FSUs exhibit a hysteretic response 

manifested by a difference between loading and unloading paths. This phenomenon highlights 

the dissipative capability of the IVD and its dashpot role. The deviation from a purely elastic 

response is due to the presence of a viscous stress in the extracellular matrix which is strongly 

dependent on the level of microstructural interactions between the constituents, i.e. PGs and 

collagen fibers. The hysteresis also depends on the fluid content in the IVD which is altered by 

osmolarity (Adams et al., 1996; McMillan et al., 1996; Iatridis et al., 1997), driving fluid 

outward during loading and inward during unloading (Drost et al., 1995). The loading-

unloading process contributes to provide nutrients under normal circumstance. However, at 

high rate magnitudes, it generates high local stresses which may affect cell metabolism (Chan 

et al., 2011). Under usual loads and without degeneration, the IVD response is totally recovered 

without any effect of previous imposed chemo-mechanical loadings. This total recovery 

phenomenon excludes micro-alterations; It depends on PG macromolecules rearrangement, 

collagen fibers-PGs interactions, fluid-PGs interactions and chemo-mechanical coupling. The 

loading rate affects the osmotic gradient between the NP and the surrounding fluid, and then 

the chemo-mechanical coupling. The latter is responsible for the time-dependent behavior of 

the IVD. Although the coupling between inelastic phenomena and chemical effects have been 
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very recently investigated (Emanuel et al., 2018; Vergroesen et al., 2018), the inherent chemo-

mechanical mechanisms are far from being fully established, especially regarding the 

mechanical loading path. Establishing the relationship between the osmo-inelastic response and 

the mechanical loading path would allow highlighting the origin of the coupling.  

The present part of the Chapter 2 is focused on the chemical sensitivity of the FSU inelastic 

response in relation with the mechanical loading path. In-vitro experiments were performed for 

different osmolarity and loading rate conditions in order to provide insights on the time-

dependent chemo-mechanical response of the FSU. The response was examined in tension, 

compression and torsion. A plausible explanation of the inherent chemo-mechanical coupling 

is discussed under the guidance of our experimental observations. 

 

2.1.2. Materials and methods 
 

2.1.2.1. Specimen preparation 
 

Nineteen FSUs from cervical spines were harvested from mature sheep cadavers (8-10 months) 

obtained from a local abattoir. Sheepwas selected in reason of the vertebrae size that facilitates 

cutting operations and easily fits our testing machine. The selected specimens were stored at 

4°C at maximum two days before testing. Note that although the responses of fresh and frozen 

FSUs are expected to be different (Callaghan and McGill, 1995; Bass and al., 1997), the storage 

effects in terms of temperature and duration are still unknown (Newell et al., 2017). That is why 

fresh specimens were used in this study. The entire cervical spines extracted within two days 

after animal death were first separated from muscles and ligaments by hand using a surgical 

tool, and then separated into nineteen FSUs with a band saw, consisting in « bone-disc-bone » 

segment without neural arches. The cutting was carefully performed in order to assure a 

sufficient bone segment size. External cracks in bone segment due to cutting operation were 

carefully examined, and after a visual inspection, only eighteen intact FSUs were chosen for 
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mechanical testing. Immediately after extraction, the FSU was cleaned and then immerged in 9 

g/L saline solution at room temperature during 100 minutes. Since the storage condition after 

animal death in dry cold room decreases the water content, immerging specimens in that 

solution increases its hydration content to reach the chemical equilibrium (Costi et al., 2002) 

when IVD height remains constant. Note that ex-vivo conditions increase the equilibrated water 

content compared to in-vivo conditions. Due to the irregular shape of the vertebra, the bone 

segment was embedded in polyurethane resin Axson F180 to obtain two parallel plans. The 

specimen preparation procedure is illustrated in Figure 2.1.1. The superior and inferior parts of 

the FSU were glued to metal plates in order to be gripped between clamps of the testing 

machine. The applied loadings were lower than the maximal physiological movements in order 

to keep normal working conditions and to avoid any damage in IVDs or in both bone-resin 

interface and resin-metal plate gluing.  

 

 
                                                    (a)                                       (b) 

Figure 2.1.1. Preparation of FSU specimen (dorsal view): (a) extraction of IVD and two 

adjacent bone segments, (b) bone segments embedded in resin. 

 

2.1.2.2. Methods 
 

In-vitro experiments were performed under controlled-environment using a displacement-

controlled universal-axial testing machine Instron-5500 equipped with a 5 kN load cell and an 

angle-controlled universal-torsion testing machine Instron-8874 equipped with a 100 Nm load 

IVD 

Resin 
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cell. Throughout the mechanical loading, the FSUs were immerged in a saline solution. The 

osmolarity was controlled by varying the NaCl content in water from 0 g/L hypo-osmotic 

solution to 36 g/L hyper-osmotic solution. The temperature influence is not considered in the 

present work, and all measurements were performed at room temperature. 

The results reported in this investigation follow the experimental procedure illustrated in Figure 

2.1.2. 

 

 
 

Figure 2.1.2. Experimental design for two successives loading-unloading tests (1: mechanical 

rest, 2: successive low-strain compressions, 3: loading-unloading test). 

 

A two-step preconditioning was applied in the aim to adapt the IVD tissue to its new 

environment after changes in NaCl content and to ensure reproducibility of the mechanical 

response. The two-step preconditioning consists in a period of 30 minutes of mechanical rest 

without load and successive low-strain compressions which generate inter-vertebral pressure 

and promote a fluid exchange with the environment (Urban and McMullin, 1985; Adams et al., 

1987; Ferguson et al., 2004). In particular, the fluid exchange during this preconditioning avoids 
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internal imbalances due to changes in solution osmolarity and allows penetration of NaCl inside 

IVD. The reliability of the preconditioning can be verified by performing two successive 

relaxation tests. In the test, a compressive displacement was progressively increased until 

reaching a prescribed value and then maintained constant during 1 hour.  

 

 

(a) 

 

(b) 

 

(c) 

Figure 2.1.3. Relaxation response: (a) two successive relaxation tests performed on the same 

FSU, (b) displacement level effect (1: 3 mm, 2: 2 mm, 3: 1 mm) and (c) osmolarity effect (1: 

0 g/L, 2: 9 g/L, 3: 18 g/L). 

 

[NaCl] = 9 g/L 
Displacement = 2 mm 

 

[NaCl] = 9 g/L 

Displacement = 2 mm Displacement = 2 mm 

[NaCl] = 9 g/L 

[NaCl] = 9 g/L 
Displacement = 2 mm 
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The results of two successive relaxation tests are reported in Figure 2.1.3a for a reference saline 

concentration of 9 g/L and a compressive displacement of 2 mm. The load begins to 

substantially decrease in the first relaxation period and then evolves towards an end 

corresponding to an obvious stabilized state. Since the two relaxation curves are superimposed, 

a total recovery is obtained between the repeated tests. This result assesses our test method in 

which the mechanical and structural features of the FSU specimen remain intact. As an inelastic 

feature that depends on the chemical state of the IVD, the stabilized response is function of the 

compressive displacement level (Figure 2.1.3b) and the NaCl concentration (Figure 2.1.3c). 

Although the applied displacements seem substantial, no failure was reported. 

The preconditioning allows the chemo-mechanical equilibrium of the FSU before experiments. 

Experiments on FSU specimens are, however, repeatable only if the loading is within the 

physiological range in order to avoid all damage phenomena in the unit. Even after 10,000 

cycles, a total recovery of the FSU response was observed by Johannessen et al. (2004). 

Although in some studies thousands of preconditioning cycles are applied, the reproducibility 

of the mechanical response is generally reached upon only first three cycles (Newell et al., 

2017). In the present study, the FSUs were preconditioned by 10 cycles with low amplitude of 

0.1 mm (at a rate of 5×10-2 mm s-1) in order to adapt the IVD tissue to its new environment. 

This step is particularly important due to the storage conditions in dry cold room, in terms of 

relative humidity and temperature, which decrease the water content in IVD and its thickness. 

Experiments were sufficiently slow to ensure fluid circulation, chemical equilibrium and to 

avoid dynamic effects. A recovery period of 30 minutes was imposed between two successive 

experiments in order to restore both mechanical and chemical equilibrium. The measurements 

on the same FSU were repeated after each preconditioning and the total recovery was observed.  

The FSU chemo-mechanical response was studied in tension, compression and torsion. These 

loading types provide fundamental information about physiological motions of the FSU such 
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as lateral bending, flexion-extension and axial rotation. Experiments were performed by 

successively increasing the loading rates: 5×10-4 mm s-1, 5×10-3 mm s-1, 5×10-2 mm s-1 for axial 

experiments and 0.01 deg s-1, 0.05 deg s-1, 0.1 deg s-1 for twisting experiments. The axial 

displacement and the twist were limited to a maximum value of 0.25 mm and 2 deg, 

respectively. The maximum twist angle value of 2 deg corresponds to a neck movement of 50 

deg (Anderst et al., 2015). The osmolarity effect was studied by varying the NaCl content in 

solution: 0 g/L, 9 g/L, 18 g/L and 36 g/L in order to change the environment from hypo-osmotic 

condition to hyper-osmotic condition and the respective mechanical response. During the 

physiological movements, the ionic repartition in IVD is inhomogeneous due to water 

exchange. These experiments permit a better understanding of changes in mechanical response 

as a result of chemical changes.  

 

2.1.2.3. Statistical analysis 
 

Statistical analysis was carried out to determine standard deviation and error bars on the load 

and torque values at a 95% confidence. The data presented in the next section represent the 

mechanical response on one IVD. A p-value < 0.05 was considered to be statisticallysignificant. 

For both the compression (n=5) and the torsion (n=7), at the same loading rate and the same 

NaCl concentration, one-way analysis of variance (ANOVA) indicates a p-value < 0.05. A two-

way ANOVA without replication is then performed to other FSUs (n=6) in order to indicate the 

statistical significance of the loading rate and osmolarity effects. Although the present study is 

based on a relatively small number of specimens (n=18), the goal is to provide qualitative trends 

allowing to highlight the existence of the osmo-inelastic coupling with our validated protocol.  
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2.1.3. Results 
 

2.1.3.1. Tension 
 

The load-displacement curves under tension are plotted in Figure 2.1.4 for different NaCl 

concentrations and loading rates. The two latter effects are both statistically significant, with a 

p-value of 0.015 and 0.002, respectively.  

 

 

 
      (a)                                                                   (b) 

 
  (c)                                                                      (d) 

Figure 2.1.4. Tension load-displacement responses at three different rates (1: 5×10-2 mm s-1, 

2: 5×10-3 mm s-1, 3: 5×10-4 mm s-1) for (a) 0 g/L, (b) 9 g/L, (c) 36 g/L NaCl concentration, 

and (d) maximum load-rate response. 

 

The FSU tension response exhibits different stages including an initial stiff response followed 

by a gradual rollover to hardening. The response depends markedly on the applied loading rate. 

Higher the loading rate, stiffer the response. The unloading path is different from the loading 

one, and a residual set appears upon complete unloading, i.e. zero load. The osmolarity affects 

[NaCl] = 36 g/L 

[NaCl] = 9 g/L [NaCl] = 0 g/L 
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the residual set. Due to its effect on the water content and the microstructure, the increase in 

NaCl concentration induces a decrease in IVD height. Higher axial strains are then applied on 

the tissue when the NaCl concentration is increased. The maximum tension load is reported in 

Figure 2.1.4d as a function of the loading rate, such that a straight-line fit adequately describes 

the results. The slope, characterizing the rate sensitivity, increases with the NaCl concentration. 

The osmolarity effect is more important at high loading rate. The rate sensitivity is two time 

higher between hypo-osmotic and hyper-osmotic conditions. 

 

2.1.3.2. Compression 
 

The compression is a more common mechanical loading applied to IVDs, resulting from the 

head weight, muscles tension or loads carried by the individual. The FSU load-displacement 

curves under compression are plotted in Figure 2.1.5. The loading rate effect and the osmolarity 

effect on the FSU response in compression are obviously statistically significant (p<0.001 for 

both effects). Chemo-mechanical couplings are then highlighted especially in compression. The 

FSU compressive response exhibits important energy dissipation, indicating again the dashpot 

role of the IVD. The osmolarity modifies the compressive response in shape and in magnitude. 

In particular, the observed inflexion point is delayed with the increasing osmolarity. Also, the 

residual set increases when the osmolarity increases. More interestingly, the osmolarity effects 

are inversed in compression and in tension. Indeed, higher the NaCl concentration, softer the 

response. As reported in Figure 2.1.5d, the rate sensitivity decreases with the NaCl 

concentration. Moreover, the impact of the loading rate on the FSU response is more important 

in compression than in tension. At the end of the unloading path, the load, for which the 

displacement is zero, is the same whatever the conditions. 
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(a)                                                                (b) 

 

(c)                                                               (d) 

Figure 2.1.5. Compression load-displacement responses at three different rates (1: 5×10-2 mm 

s-1, 2: 5×10-3 mm s-1, 3: 5×10-4 mm s-1) for (a) 0 g/L, (b) 9 g/L, (c) 36 g/L NaCl concentration, 

and (d) maximum load-rate response. 

 

2.1.3.3. Torsion 
 

The spine twisting is also a very common physiological loading mode. The loading rate effect 

on the FSU torsion response is reported in Figure 2.1.6 for different NaCl concentrations. A p-

value > 0.05 is found for both effects in torsion. At low twist angle no appreciable effect of the 

loading rate can be observed on the torsional stiffness. The FSU response became rate sensitive 

only athigh twist angle. The chemical sensitivity is not dependent on the loading rate, as 

illustrated by Figure 2.1.6d in which the rate sensitivity is almost unchanged with the 

concentration. 

[NaCl] = 36 g/L 

[NaCl] = 9 g/L [NaCl] = 0 g/L 
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(a)                                                              (b) 

 
   (c)                                                                   (d) 

Figure 2.1.6. Torsion load-displacement responses at three different rates (1: 0.1 deg s-1, 2: 

0.05 deg s-1, 3: 0.01 deg s-1) for (a) 0 g/L, (b) 9 g/L, (c) 36 g/L NaCl concentration, and (d) 

maximum torque-rate response. 

 

2.3.4. Discussion 
 

Our results show a significant effect of the osmolarity on the axial inelastic response and an 

almost imperceptible effect on the torsional inelastic response. Figure 2.1.7 provides our 

interpretation of the inherent osmo-inelastic mechanisms by means of a schematic 

representation in which inelastic and osmolarity effects are separated. 

The IVD consists of randomly distributed PG macromolecules and organized collagen fibers. 

The chemical reaction between negatively charged PG macromolecules and mobile ions of the 

saline solution governs the fluid exchange with the environment. The fluid flow, induced by 

external ionic imbalance, is dependent on the mechanical loading path, i.e. tension, compression 

or torsion, and implies osmotic force and IVD swelling (Lanir, 1987). 

[NaCl] = 0 g/L [NaCl] = 9 g/L 

[NaCl] = 36 g/L 
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  (a)                                         (b)                                        (c) 

Figure 2.1.7. Osmo-inelastic mechanisms in (a) tension, (b) compression and (c) torsion. 

 

The FSU time-dependent response is intrinsically linked with the variation of fluid content in 

the IVD and with the PG macromolecules rearrangement. The inherent chemo-mechanical 

coupling is strongly dependent on the water and NaCl content, and is shown in our experiments 

for the FSU under various mechanical loading types. The water content in the IVD is reduced 

with increasing NaCl concentration leading to reduced chemical exchanges. The rate sensitivity 

is found higher in compression than in tension, and almost imperceptible in torsion. The NaCl 

content has a strong impact on the FSU compression rate-dependency (Figure 2.1.5d). By 

contrast, the rate-dependency in tension (Figure 2.1.4d) is slightly affected by the saline 

concentration and nearly not affected in torsion (Figure 2.1.6d). In torsion, the overall response 

is mainly due to collagen fibers reorientation. In hyper-osmotic environment, although the fluid 

flow is limited (Lai et al., 1991; Ateshian et al., 2004; Vergroesen et al., 2018), our results show 

a time-dependence of the chemo-mechanical response. The higher chemical sensitivity in 

compression than in tension is directly linked to the solely increase in fixed charge, i.e. chemical 

imbalances. The response in Figure 2.1.3 of an IVD compressed and stimulated by a chemical 

loading gives some insights on the fluid flow contribution. Increasing the compression level 
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(Figure 2.1.3b) or the NaCl concentration (Figure 2.1.3c) decreases the fluid content and leads 

to an increasing omostic pressure attempting to neutralize the mechanical loading. With the 

applied compressive displacement, the fluid content in IVD decreases and the chemical 

unbalance increases. In reaction, the IVD swells in proportion to the applied compression to 

reach the chemo-mechanical equilibrium. The swelling implies higher chemical stresses in IVD 

which opposite to the applied compressive displacement. That results in the increase of the 

relaxed-load with the displacement as observed in Figure 3b. As shown in Figure 3c, the same 

effect is reported with the increase in NaCl concentration since the osmolarity increases the 

internal chemical stresses. By increasing the NaCl concentration, the IVD contracts to eject 

superfluous ionic component and the equilibrium response is quickly reached since there is 

more ionic component in solution. Under hypo-osmotic condition, for which the solution is 

poor in ionic component, the relaxation time increases. In hyper-osmotic environment, the 

extracellular matrix is saturated and the time necessary to achieve ionic equilibrium is shorter. 

The apparent viscosity seems to be thus related to the PG macromolecules rearrangement. This 

statement indicates that the macroscopic inelastic features are due to both microstructural 

rearrangements and fluid flow. The viscoelastic properties of the soft tissue are predominant at 

high rates whereas the fluid exchange requires longer times (Vogel and Pioletti, 2012; 

Vergroesen et al., 2018). As observed in Figure 2.1.3c, the equilibrium response is delayed by 

decreasing the osmolarity, and then by increasing the chemical exchanges. 

Our results bring some insights on the FSU chemo-mechanical response, and a better 

understanding of interactions between NP and AF is highlighted. The macro-dissipative 

response is generally attributed to the gelatinous NP but also the AF plays a major role in it 

(Liu et al., 2014; Emanuel et al., 2018). The NP is an essential element in the FSU behavior, its 

main role being to generate a hydrostatic pressure on the AF (Nachemson and Morris, 1964; 

Iatridis et al., 1997; Wilke et al., 1999; Goins et al., 2005). Tensile and compressive FSUs 
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exhibit opposite responses concerning the environment dependency since the internal pressure 

generated by the NP is reduced in tension. This observation is not common and must be 

associated to the fluid flow in the IVD (Ferguson et al., 2004; Schmidt et al., 2016). Indeed, the 

chemical-dependence is due to the difference in fluid mobility between tensile and compressive 

states. Under a compressive load the fluid is pushed out of the IVD leading to a chemical 

unbalance and the negative charge of the PGs generates an osmotic pressure through the 

attraction of water. By contrast, the tensile state decreases the PGs density and leads to a lesser 

chemical sensitivity. With the increase in osmolarity the IVD constrains to push out excess 

mobile ions contained in the fluid which results in a force opposing the tensile load and 

matching the compressive load. Upon the complete unloading, the amount of fluid loss in the 

IVD governs the extent of residual set. The latter is found lesser in compression than in tension 

due to higher fluid exchange in compression than in tension. With the increase in osmolarity, 

the PGs density increases, the IVD constrains and the residual set increases. Due to their 

concentric organization with ventral and dorsal parts that strain in opposing directions, the AF 

collagen fibers have a preponderant role under twisting. As a consequence, the fluid flow effect 

on the torsional inelastic response is reduced.  

 

2.1.5. Partial conclusion 
 

This study has been conducted to determine the chemical sensitivity of the FSU inelastic 

response under different mechanical loading paths. The osmotic and time-dependent properties 

have been considered at the same time to better understand the osmo-inelastic mechanisms and 

the biomechanical behavior.  

The torsional stiffness and rate-dependency were found chemically insensitive whereas an 

inverse chemical sensitivity was found between tension and compression. Although it is 

difficult to know to what extent the time-dependent behavior can be attributed to the PGs 
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rearrangement and the fluid flow, an interpretation of the inherent chemo-mechanical coupling 

was proposed.  

The chemo-mechanical coupling is strong. Indeed, the PGs density depends on the chemical 

environment affecting the fluid content, and in the meantime, the mechanical loading modulates 

the PGs density which changes the chemical sensitivity and the level of microstructural 

interactions. Due to the body weight and muscles tension, the FSU is constantly submitted to a 

compressive loading stimulating the fluid exchanges with the increase in PGs density which 

increases the chemical exchanges and the nutrient supply in vivo. 
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Chapter 2: Experimental 

characterization 
 

Part 2: Pre-strain effect on the 

chemo-torsional response of the 

intervertebral disc2 
 

 
 
Abstract 

The role of an axial pre-strain on the torsional response of the intervertebral disc (IVD) remains largely undefined. 

Besides, the chemo-mechanical interactions in IVD remain yet unclear. The present paper emphasizes the pre-

strain effect on the chemical sensitivity of the IVD torsional response. The in-vitro response of fifteen non-frozen 

specimens, extracted from cervical spines of mature sheeps, was meticulously investigated for various 

compressive/tensile pre-strain levels in different saline solutions ranging from hypo-osmotic to hyper-osmotic 

conditions. Analysis of variance shows that the osmotic effect is statistically significant (p<0.05) only when the 

IVD is pre-compressed. The pre-strain type leads to a significant variation of the IVD chemo-torsional response 

with a chemical sensitivity significantly higher in compression than in tension. The pre-strain level does not affect 

the torsional response. However, the chemical sensitivity of the torsional stiffness is much more important under 

a compressive pre-strain than under a tensile pre-strain. An inverse effect of the compressive pre-strain is found 

under hypo-osmotic and hyper-osmotic conditions illustrating the role of the chemo-mechanical coupling. A 

plausible interpretation of the inherent chemo-torsional coupling with the pre-strain dependency is proposed 

according to our experimental observations. The combination of a compressive pre-strain with the twisting 

amplifies the tension of the annulus collagen fibers thanks to nucleus hydrostatic pressure, and leads to an increase 

in torsional stiffness. The negatively charged proteoglycans (PGs) density increases with the compressive pre-

strain and leads to higher chemical imbalances, which explains the increase in chemical sensitivity.  

Keywords: Intervertebral disc; Pre-strain; Torsion; Chemical sensitivity; Chemo-mechanical mechanisms. 

                                                             
 

2 This Part of this chapter is based on the following paper: Amil Derrouiche, Fahmi Zaïri, Fahed Zaïri, Pre-strain 
effect on the chemo-torsional response of the intervertebral disc, submitted. 
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2.2.1. Partial introduction 
 

The intervertebral disc (IVD) is a fundamental spinal component made to sustain and transmit 

loads between each two adjacent vertebrae. The functional spine unit (FSU) is 

basicallyconsisting of a vertebra-IVD-vertebra segment and is subjected, in-vivo, to a complex 

combination of tension, compression and torsion. Organs motions during daily activities, 

muscular tension and body weight permanently apply a compressive pre-strain on the FSU prior 

to every further loading type (Janevic et al., 1991; Gardner-Morse and Stokes, 2003; Newell et 

al., 2017; Bezci et al., 2018). In the meantime, the spine twisting is a very common 

physiological loading type in various activities and its study allows understanding the possible 

causes of IVD injuries (Adams and Hutton, 1981; Farfan, 1984; Barbir et al., 2011; Orias et al., 

2016). Many reports about activity sectors, such as on factory workers (Lotters et al., 2003), on 

militaries (Ulaska et al., 2001) and on athletes (Mortazavi et al., 2015), conclude that spine 

twisting, while carrying heavy objects, leads to an increase in pain. Indeed, twisting induces a 

local shear stress state considered as a precursor of the IVD failures (Adams and Hutton, 1981; 

Farfan, 1984; Costi et al., 2007) which cause chronic low back pain or neck pain (Adams et al., 

2012). The latter, by severely curtailing quality of life, became the main origin of long-term 

disability worldwide (Vos et al., 2016).  

Accurate mechanical characterization of the FSU under in-vitro conditions can simulate in-vivo 

ones, without interaction with the surrounding tissues (Newell et al., 2017). A literature survey 

shows that most of studies on the FSU mechanics have been limited to simple mechanical load 

type such as compression or bending and a relatively little attention has been so far paid to the 

interaction between different mechanical loadings (Janevic et al., 1991; Gardner-Morse and 

Stokes, 2003; Garges et al., 2008; Orias et al., 2009; Veres et al., 2010; Newell et al., 2017; 

Bezci et al., 2018). Up to now, the coupling between the FSU mechanics and the bio-chemical 
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state of the IVD is far from being fully established. The IVD response depends on the 

macromolecular composition with negatively charged proteoglycans (PGs) and on the 

physiological fluid sucked by osmotic effect (Drost et al., 1995; Bezci et al., 2015). This fluid 

exchange through the IVD governs its chemo-mechanical behavior by stimulating ionic 

transport. At the bone-disc interface, the latter contributes to the management of the nutrient 

supply. Indeed, due to the avascular nature of the tissue, nutrients penetrate from interosseous 

arteries into the IVD by diffusion under pressure gradients. Apart from too high level of 

mechanical loading conditions which may potentially decrease solutes diffusivity, the 

compressive pre-strain, resulting from muscular tension and body weight, improves nutrient 

supply (Grunhagen et al., 2006). The IVD has a core-shell structure composed of a core, i.e. the 

nucleus pulposus (NP), and a shell, i.e. the annulus fibrosus (AF), arranged to form a number 

of adjoining concentric stratified layers (Cassidy et al., 1989; Marchand and Ahmed, 1990).The 

active interaction between NP and AF during the FSU physiological motions, such as lateral 

bending and flexion-extension, is relatively well understood. The induced local compression 

state generates a NP hydrostatic pressure on AF (Nachemson and Morris, 1964; Wilke et al., 

1999; Goins et al., 2005; Schmidt et al., 2016). By contrast, the respective role of NP and AF 

is yet unclear in torsional mode (Adams and Hutton, 1981; Barbir et al., 2011; Newell et al., 

2017). As a biological soft tissue, the IVD is highly dependent on its physiological environment 

and an increase in osmolarity of the fluid surrounding the IVD limits the chemical exchanges 

(Emanuel et al., 2015). The relationship between chemical exchanges and mechanical behavior 

is not yet established, especially regarding the interaction between different mechanical 

loadings (Janevic et al., 1991; Gardner-Morse and Stokes, 2003; Garges et al., 2008; Orias et 

al., 2009; Veres et al., 2010; Newell et al., 2017; Bezci et al., 2018). 

The aim of this part is to present our understanding of the pre-strain dependency of the IVD 

chemo-torsional response. Tensile and compressive pre-strains with different levels are 
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considered in order to modulate the intradiscal pressure under different osmolarity conditions 

as a result of the change in the solution salinity. Finally, a plausible explanation of the inherent 

chemo-mechanicalcoupling is discussed under the guidance of our experimental observations. 

 

2.2.2. Materials and methods 
 

2.2.2.1. Specimen preparation 
 

Cervical spines of mature sheeps were obtained from a local abattoir and inspected visually to 

exclude possible spinal damages. The choice of sheep spinal to make specimens is mainly due 

to the appropriate size of the vertebrae whichfacilitates cutting operations to fit the testing 

machine. Note that sheep FSUs provide similar mechanical responses to human FSUs in terms 

of level and range of motion (Alini et al., 2008). Due to their huge difference in water content, 

fresh and frozen FSUs are expected to exhibit different mechanical responses (Callaghan and 

McGill, 1995; Bass et al., 1997). The effect of freezing conditions in terms of temperature and 

duration is unknown to date (Newell et al., 2017), so the specimens used in this study were 

fresh and held at maximum two days in a dry cold room of 4°C before testing. The cutting was 

carefully performed in order to assure a sufficient bone segment size. The specimen preparation 

procedure is illustrated in Figure 2.2.1. The FSUs were immerged immediately after extraction 

in a 9 g/L saline solution (reference concentration) at room temperature during 100 minutes. 

Since the storage condition after animal death in a dry cold room decreases its water content, 

the immersion in liquid allows to increase the specimen hydration and to reach the chemical 

equilibrium (Costi et al., 2002) when the IVD height remains constant. After the removal of all 

soft tissues, and surrounding muscles using a dissecting scissor, fifteen usable FSUs were 

embedded at each end in parallel deep polyurethane resin Axson F180 wells to provide two 
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parallel flat resin surfaces. The superior and inferior parts of the FSU were glued to two metal 

plates in order to be gripped between clamps of the testing machine as shown in Figure 1. 

 

 
(a)                                       (b) 

 
(c) 

 

Figure 2.2.1. Preparation of FSU specimen (dorsal view): (a) extraction of IVD and two 

adjacent bone segments, (b) bone segments embedded in resin, (c) FSU specimen glued to 

two metal plates and placed in the testing machine. 

 

 

2.2.2.2. Mechanical experiments 
 

Mechanical experiments were carried out on a universal testing machine Instron-8874 equipped 

with a cell of 25 kN axial load and 100 Nm torsional load. Throughout the mechanical loading, 

the FSUs were immersed in various NaCl solutions: 0 g/L hypo-osmotic solution, 9 g/L iso-

osmotic solution (closes to human physiological solution) and 18 g/L hyper-osmotic solution. 

IVD 

Resin 
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The temperature influence was disregarded in the present work, and all measurements were 

performed at room temperature.  

Figure 2.2.2 provides a scheme of our protocol with two successive loading-unloading tests as 

an example. A two-step preconditioning was applied in the aim to alleviate the effects of 

specimen preparation, to ensure reproducibility of the mechanical response and to adapt the 

IVD tissue to its new environment after changes in NaCl content.  

 

 

 

Figure 2.2.2. Experimental design for two successives loading-unloading tests (1: mechanical 

rest, 2: successive low-strain compressions, 3: loading-unloading test in torsion with a tensile 

pre-strain or a compressive pre-strain). 
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The two-step preconditioning consists in a period of 30 minutes of mechanical rest without load 

and successive low-strain compressions which promote fluid exchange with the environment 

by generating inter-vertebral pressure (Urban and McMullin, 1985; Adams et al., 1987; 

Ferguson et al., 2004). Although in some studies authors have applied thousands of 

preconditioning cycles, the chemical equilibrium is generally reached upon applying only three 

cycles (Newell et al., 2017). In the present study, 10 preconditioning cycles were adopted with 

low amplitude of 0.1 mm, corresponding to about 2.5% of the IVD height. The preconditioning 

cycles were performed under a sufficiently low rate (5×10-2 mm s-1) to ensure fluid circulation 

and to avoid dynamic effects. The circulation of fluid during the preconditioning prevents the 

internal imbalances due to changes in solution osmolarity. This step is particularly important 

since during the storage in dry cold room the IVD becomes thinner due to its lack of hydration. 

After preconditioning, different tests were performed. 

The axial (compression/tension) and torsional responses of three different FSUs were examined 

under loading-unloading with increasing maximum (displacement/angle) levels between two 

successive cycles. In these experiments, no pre-strain was executed, and a reference saline 

concentration was selected. 

The effect of an axial pre-strain (in compression or in tension) on the chemical sensitivity of 

the FSU torsional response was studied. Loading-unloading torsion experiments were 

performed under a twist angle-rate of 5×10-2 deg s-1 on three different FSUs immerged in 

various saline solutions. The FSUs were pre-strained by imposing a constant axial displacement 

during torsion as illustrated in Figure 2.2.2. The ultimate twist angle was limited to 2 deg which 

corresponds to a neck rotation of 50 deg (Anderst et al., 2015). The applied loadings were lower 

than the maximal physiological motions in order to keep normal working conditions and to 

avoid any damage in the IVDs, the bone-resin interface and the resin-metal plate gluing. 
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The active role of the NP was observed on two hemi-spine units extracted from the same FSU 

loaded in compression at a rate of 3.5×10-3 mm s-1. The cervical FSU was frozen at -18°C 

(Smeathers and Joanes, 1988) in order to prevent nucleus expanding during cutting due to 

internal pressure. The NP of one hemi-spine unit was removed using dissecting scissors. A 

Plexiglas window was screwed on the other hemi-spine unit before defrosting in order to keep 

the NP in the IVD. Images were recorded during experiments by means of a CCD camera 

Imager E-lite 2M (LaVision GmbH) at a frequency of 3 Hz with resolution of 290 pixels/mm 

and size of 1628 × 1236 pixels. Images were analyzed with Davis Software 8.0 (StrainMaster, 

LaVision GmbH). 

 

 

2.2.2.3. Histological experiments 
 

A histological study was carried out to evaluate the influence of the chemical effect on the gross 

morphology of the IVD subcomponents. Dissecting scissors were used to delicately separate 

each specimen from one IVD by cutting through the vertebrae. Sixteen specimens from AF and 

NP were isolated and immersed for 48 hours in a saline solution ranging from 0 g/L hypo-

osmotic solution to 36 g/L hyper-osmotic solution. All samples were held in 10% neutral 

buffered formalin to immobilize cells for subsequent histological studies. The samples were 

then placed in paraffin blocks. Sections of 4 μm thick of both NP and AF from each sample 

were debited along a transverse plane using a sliding microtome (Leica RM 2235) and were 

stained using two commonly used stains: Hematoxylin/Eosin (H&E) and Safranin-O (Saf-O) 

(Walter et al., 2015). Once colored, the section was mounted between slide and slip cover. The 

colored sections were observed through a binocular microscope (Nikon Eclipse E200) and the 

observations were captured using a digital camera. 
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2.2.2.4. Statistical analysis 
 

Statistical analysiswas carried out to determine standard deviation and error bars on the 

torsional response at the same loading rate and the same NaCl concentration. A p-value < 0.05 

was considered to be statistically significant. By using one-way analysis of variance (ANOVA), 

at a 95% confidence, on different FSUs (n=7), standard deviation is evaluated at about 4.4% on 

the torque value with a p-value of 0.039. A two-way ANOVA without replication is then 

performed on other FSUs (n=7) in order to indicate the statistical significance of the pre-strain 

and osmolarity effects. Although the present study is based on a relatively small number of 

specimens (n=14), the goal is to provide qualitative trends allowing to highlight the role of the 

pre-strain in the osmo-torsional coupling with our validated protocol.  

 

 

2.2.3. Results 
 

2.2.3.1. Inelastic effects 
 

The FSU behavior under loading-unloading with increasing maximum (displacement or angle) 

levels is presented in Figure 2.2.3 for different mechanical loading types, i.e. compression, 

tension and torsion. A global view at these plots shows that the FSU response exhibits a 

hysteresis (manifested by a difference between the unloading and reloading paths), a residual 

set (for which the load/torque is zero upon unloading) and a load/torque softening (observed 

when the displacement/angle level exceeds the maximum one previously applied). These main 

inelastic effects are strongly dependent on the mechanical load type and, are more important in 

compression, lesser in tension and almost unseen in torsion. 
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(a)                                                                 (b) 

 
(c) 

Figure 2.2.3. Inelastic response under different loading types: (a) compression, (b) tension, (c) 

torsion. 

 

 

2.2.3.2. Pre-strain type dependency 
 
Figure 2.2.4 presents the osmolarity effect on the torsional response obtained on one FSU under 

a tensile pre-strain, a compressive pre-strain and without pre-strain. The osmolarity and pre-

strain type effects are both statistically significant, with a p-value of 0.02 and 0.033, 

respectively. The residual set is insensitive both to the environment and the pre-strain type. By 

contrast, the torsional stiffness and the hysteresis area are strongly dependent on the pre-strain 

type, increasing with a compressive pre-strain and decreasing with a tensile pre-strain. The 

chemical sensitivity is dependent on the kind of pre-strain. Indeed, the osmolarity effect is much 

more important under a compressive pre-strain than under a tensile pre-strain, as illustrated in 

Figure 2.2.4d in terms of maximum torque. Furthermore, the results of a pre-strain in tension 

are very similar to those obtained without pre-strain. 
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                                        (a)                                                                    (b) 

 
                                        (c)                                                                    (d) 

Figure 2.2.4. Pre-strain type effect (1: 0.3 mm compression, 2: 0 mm, 3: 0.3 mm tension) on 

the torque-twist response for (a) 0 g/L, (b) 9 g/L, (c) 18 g/L NaCl concentration and (d) on the 

maximum torque. 

 

 

2.2.3.3. Pre-strain level dependency 
 

Figures 2.2.5 and 2.2.6 show the effect of the pre-strain level on the chemical sensitivity of the 

torsional response of two FSUs with a tensile pre-strain and a compressive pre-strain, 

respectively. A global view at these results shows that the pre-strain level has nearly no effect 

on the inelastic features. No significant effect of the pre-strain level is observed on the torsional 

stiffness when a tensile pre-strain is applied. Indeed, it can be observed in Figure 2.2.5d that 

the pre-strain level has no appreciable effect on the maximum torque. Moreover, the hysteretic 

response is not affected by the pre-strain level. The tensile pre-strain level and osmolarity 

effects are not statistically significant, with a p-value of 0.212 and 0.213, respectively. These 

p-values and the very close mechanical responses indicate that the pre-strain level and the 

osmolarity have no effect on the torsional response when the pre-strain is in tension. For a pre-

[NaCl] = 18 g/L 

[NaCl] = 0 g/L [NaCl] = 9 g/L 
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strain in compression, the level effect is not statistically significant, with a p-value of 0.8, 

whereas theosmolarity effect is statistically significant, with a p-value of 0.002. The 

compressive pre-strain level has a relative effect on the maximum torque as observed in Figure 

2.2.6d in which an inverse effect is found under hypo-osmotic and hyper-osmotic conditions. 

This observation points out the active role of the compression on the chemo-mechanical 

coupling. 

 

 

 

 

 
                                        (a)                                                                    (b) 

 
                                         (c)                                                                   (d) 

Figure 2.2.5. Tensile pre-strain level effect (1: 0.05 mm tension, 2: 0.15 mm tension, 3: 0.3 

mm tension) on the torque-twist response for (a) 0 g/L, (b) 9 g/L, (c) 18 g/L NaCl 

concentration and (d) on the maximum torque.  

 

 

 

Twist 

Tensile pre-strain 

[NaCl] = 18 g/L 

[NaCl] = 9 g/L [NaCl] = 0 g/L 
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                                        (a)                                                                    (b) 

 
                                        (c)                                                                    (d) 

Figure 2.2.6. Compressive pre-strain level effect (1: 0.05 mm compression, 2: 0.15 mm 

compression, 3: 0.3 mm compression) on the torque-twist response for (a) 0 g/L, (b) 9 g/L, (c) 

18 g/L NaCl concentration and (d) on the maximum torque.  

 

 

In order to basically illustrate the fundamental role of the NP under compression, Figure 2.2.7 

presents the kinematic fields obtained by digital image correlation of healthy and denucleated 

hemi-spine units of a same FSU, cutted in half and loaded in compression. The presence or not 

of the NP has no effect on the full-field axial displacement. By contrast, the full-field transversal 

displacement in specimen without NP is dramatically lower than that in specimen with NP. For 

the intact disc, the boundaries of the AF exhibit a radial movement away from the disc center. 

This configuration stimulates the AF role by stretching the collagen fibers. The removal of the 

NP changes the AF behavior under compression, and the transversal displacement tends to 

vanish.  

Twist 

Compressive pre-strain 

[NaCl] = 0 g/L [NaCl] = 9 g/L 

[NaCl] = 18 g/L 
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Figure 2.2.7. Full-field displacements in IVD with and without NP: (a) axial, (b) transversal. 

 

2.2.3.4. Histological study 
 

Figure 2.2.8 illustrates representative images of the NP and AF microstructure at different saline 

concentrations. A global view at these images shows that the concentration effect within the 

NP is better assessed using Saf-O staining whereas the concentration effect within the AF is 

better evaluated using H&E staining. Indeed, within the NP, the Saf-O staining shows 

differences in the staining intensity according to different concentrations. The staining intensity 

of specimens at 0 g/L and 36 g/L NaCl concentrations is, clearly, less explicit than that observed 

for the reference concentration. H&E stain gives a poor differentiation between the NP images 

at different concentrations. H&E stain exhibits a regular orientation of the annular lamella at 

the reference concentration. But, an evident irregular network of the AF collagen fibers at 0 g/L 

With NP Without NP 

With NP Without NP 

(a) 

(b) 
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can be noticed. By contrast, there is no evident disorganization of the AF collagen fibers at 36 

g/L.  
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            (a)                                                                  (b) 

Figure 2.2.8. Chemical sensitivity of the IVD microstructure: (a) AF, (b) NP. 

 

2.2.4. Discussion 
 

This study has been conducted to determine the effect of a tensile/compressive pre-strain on the 

chemical sensitivity of the FSU torsional response.  

The inelastic effects are found much more preponderant under an axial loading than under a 

torsion loading indicating that the fluid-like behavior of the IVD is imperceptible in torsion. 
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With the addition of a compressive pre-strain, the torsional response becomes chemically 

sensitive in contrast to the application of a tensile pre-strain. The present results show 

qualitative trends about osmolarity effect promoted in pre-compressed FSUs illustrating the 

chemo-mechanical mechanisms. The reported experimental observations highlight very 

different FSU torsional responses vis-à-vis the chemical dependency under a tensile pre-strain 

and a compressive pre-strain. Figure 2.2.9 illustrates our interpretation of the inherent chemo-

mechanical coupling by means of a schematic representation at different scales, i.e. FSU, IVD 

and microstructure. The negative fixed charge density increases with the pre-strain in 

compression. The flowed-out fluid leads to higher chemical imbalances, which explains the 

increase in chemical sensitivity. 

The FSU chemo-mechanical response may be basically understood as a NP/AF interaction. The 

NP generates hydrostatic pressure on the AF under axial loading which is basically illustrated 

by our kinematic fields measurements in Figure 2.2.7. The respective role of the NP and AF 

depends on the pre-strain type and the pre-strain level. The NP has a higher active role at low 

pre-strain level. When the pre-strain level increases, the load is transferred radially from the NP 

to the AF which results in stiffening (Figures 2.2.5 and 2.2.6). The combination of a 

compressive pre-strain with the twisting (Figure 2.2.6) amplifies the tension of the AF collagen 

fibers, and leads to an increase in torsional stiffness and hysteresis area (Gardner-Morse and 

Stokes, 2003; Orias et al., 2009; Bezci et al., 2018). The compressive pre-strain diminishes the 

shear stress in the AF and gives more importance to the local tension due to the hydrostatic 

pressure in the NP. Figure 2.2.4d shows a change in the FSU mechanical response between a 

compressive pre-strain and a tensile pre-strain, which illustrates a change in the stress 

distribution shifting from a hydrostatic to a shear state. Changes in IVD height during small in-

vivo vertebral rotations have been reported by Orias et al. (2016). They found that the twisting 

leads to a compression in the NP induced by the IVD morphology whereas the height changes 



Chapter 2: Experimental characterization 

Part 2: Pre-strain effect on the chemo-torsional response of the intervertebral disc 

 

 

62 

 

in AF are heterogeneous with a decrease in ventral part and an increase in dorsal part. These 

opposite changes may locally modulate the applied pre-strain. 

 

 

                         (a)                                              (b) 

Figure 2.2.9. Chemo-mechanical coupling in torsion with: (a) tensile pre-strain, (b) 

compressive pre-strain. 

 

The staining intensity in Figure 2.2.8 is directly related to the PGs density contained in the 

biological tissue. Indeed, the PGs density, as indicated by the orange-red color intensity of the 

extracellular matrix, can be clearly assessed by the staining, especially at 0 g/L and 36 g/LNaCl 

concentrations. The decreased staining highlights significant structural changes in IVD with the 

chemical concentrations. The decline in PGs density in NP and AF is an indicator of 

degeneration and reduction in osmosis within the NP and AF leading to a change in the FSU 

mechanical response due to a reduction in fluid. In fact, biology and mechanics interact with 

each other in vivo. The mechanical stimulation of cells plays an important role on cellular 
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function and PGs biosynthesis. In the physiological range of stimuli, the collagen fibers and 

PGs biosynthesis is promoted. The compression level has a key role in biosynthesis and thus in 

the regulation of the amount of collagen fibers and the PGs density. Moderate compression 

levels increase the biosynthesis whereas high levels give rise to a catabolic response (Hee et al., 

2010).  

The NaCl concentration has a strong effect on the FSU chemo-mechanical response under 

compression loading. Indeed, the hydrostatic pressure applied by the NP on the AF is dependent 

on the chemical environment and the pre-strain type. The NP role is weak under pure torsion. 

By contrast, the AF collagen fibers have a preponderant role in the FSU torsional response due 

to their concentric organization with a ventral part and a dorsal part strained in reverse 

directions. As a consequence, the fluid flow contribution, due to the chemical coupling, on the 

inelastic phenomena is reduced. The contribution of the AF collagen fibers being preponderant 

under torsion, the osmolarity has thus no significant effect on the response. In hypo-osmotic 

conditions, both NP and AF swell in the aim to catch more ionic components in the 

environment. That results in an increase of the torsional stiffness. By contrast, the IVD area 

decreases in hyper-osmotic conditions which may explain the decrease in torque. The 

compressive pre-strain stimulates ionic transport by increasing the osmotic pressure leading to 

a stronger chemical effect on the mechanical response. Although its role in the literature is 

limited to a stress distributor during the physiological movements, the experimental 

observations reported in the present study point out that the NP contributes also to the 

management of the chemo-mechanical behavior by stimulating ionic transport. The change in 

fluid content is mainly observed in the NP under compression. That indicates that the chemo-

mechanical coupling is mainly governed by the hydrostatic pressure in the NP. The dashpot 

role of the NP is mainly observed under compression. Indeed, the hysteresis loop exhibited by 

the FSU cyclic response under a compression loading is significantly higher than that observed 
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under a tension or a torsion loading (Figure 2.2.3). The NP/AF interaction depends on a minimal 

internal pressure thanks to the NP swelling. In-vivo, this effect exists for each physiological 

motion via the head and body weight. This natural compressive pre-strain on spine stimulates 

the AF role by stretching the collagen fibers thanks to the NP swelling. Indeed, our in-vitro 

experiments show that the NP, by opposing to the loading, amplifies the chemo-mechanical 

coupling under compression. In addition, the migration of the NP during the mechanical loading 

enhances the AF contribution by stretching the collagen fibers (Seroussi et al., 1989; Osti and 

Fraser, 1992; Balkovec and McGill, 2012; Kim et al., 2017). 

The AF and its complex stratified composite structure is a misunderstanding issue for the 

complex physiological motions. As expected, our in-vitro experiments show that the AF 

concentric structure is preponderant in the FSU pure torsional response. The circumferential 

mechanical contribution of the AF collagen fibers minimizes the chemo-mechanical coupling. 

Combined with a compressive pre-strain, the ionic transport is stimulated resulting in a stronger 

chemical effect on the FSU torsional response. Indeed, the internal pressure governs the IVD 

chemo-mechanical response by favoring the chemical exchanges. The osmotic gradient 

between the NP and the fluid surrounding the IVD is due to the PGs negative charges which 

attract positive ions into the NP, the so-called Gibbs-Donnan effect (Urban et al., 1979). Under 

compression, the fluid is pushed out of the IVD which increases the PGs density, and thereby 

the osmotic pressure in the IVD. The changes in mechanical behavior, induced by the fluid 

content variation, are a consequence of the chemo-mechanical interaction. The active function 

of the NP in the chemo-mechanical coupling is pointed out by increasing the osmolarity with a 

compressive pre-strain. Ionic transport is stimulated by the osmotic pressure leading to a 

stronger chemical effect on the mechanical response. With a compression within physiological 

range, the fluid content in IVD decreases and the chemical unbalance increases. In reaction, the 

IVD swells to reach the chemo-mechanical equilibrium and the fluid content in IVD increases. 
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In vivo, the reduction in fluid content in the IVD decreases the PGs synthesis, and thereby the 

osmotic pressure, which leads to a higher reduction in fluid content in the IVD; that is the 

vicious loop of the IVD degeneration (Vergroesen et al., 2015). 
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Chapter 2: Experimental 

characterization 
 

Part 3: Osmo-inelastic response of 

the annulus fibrosus3 
 

 
Abstract 

The aim of this part of the Chapter 2 is to provide some insights on the osmo-inelastic response of annulus fibrosus 

(AF) under stretching. AF specimens of rectangular cross-section, extracted from different regions of bovine 

cervical discs, were tested under different strain-rates and saline concentrations within the normal range of strains. 

An accurate optical strain measuring technique, based upon digital image correlation, was developed in order to 

determine the full-field displacements in the lamellae and fibers planes of the layered reinforced soft tissue. The 

AF mechanical response is found hysteretic, rate-dependent and osmolarity-dependent with a Poisson’s ratio 

higher than 0.5 in the fibers plan and negative (auxeticity) in the lamellae plan. Analysis of variance shows that 

the strain-rate, osmolarity and regional effects are statistically significant (p<0.05). While the stiffness presents a 

regional-dependency due to variations in collagen fibers content/orientation, the rate-sensitivity of the response is 

found independent on the region. A significant osmotic effect is found on both the auxetic response and the rate-

sensitivity. These local observations allowed identifying the extracellular matrix rearrangements and the inter-

lamellae fluid exchanges as the main sources of the osmo-inelastic coupling. 

Keywords: Annulus fibrosus; Digital image correlation; Osmo-inelastic coupling; Poisson's ratio; Auxetic. 

                                                             
 

3 This Part of this chapter is based on the following paper: Amil Derrouiche, Fahmi Zaïri, Fahed Zaïri, Osmo-
inelastic response of the annulus fibrosus, submitted. 
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2.3.1. Partial introduction 
 

As an essential element of the intervertebral disc (IVD), the annulus fibrosus (AF) is a very 

complex medium, able to resist at high stresses induced by the spine movements. This capacity 

was studied since several years but it is still largely misunderstood (Newell et al., 2017). The 

AF is a fiber-reinforced tissue organized by concentric lamellae around nucleus pulposus. Its 

mechanical response exhibits complex inelastic effects manifested by a hysteresis during cyclic 

loading and a rate-dependency (Race et al., 2000; Holzapfel et al., 2005; Kemper et al., 2007; 

Ambard and Cherblanc, 2009; Newell et al., 2016, 2017; Tavakoli and Costi, 2018). Both 

anisotropy and regional-dependency of the mechanical response (Skaggs et al., 1994; Ebara et 

al., 1996; Holzapfel et al., 2005; Michalek et al., 2009) are essentially due to the circumferential 

and radial variation in content and orientation of collagen fibers (Inoue and Takeda, 1975; Eyre, 

1979; Guerin and Elliott, 2006). The collagen has a high tensile stiffness compared to the 

extracellular matrix and constitutes the reinforcement of the soft tissue; its layered graded 

repartition in AF permits to contain the nucleus swelling which in turn exposes AF to tensile 

stresses in the circumferential direction under flexion/extension or lateral bending movements 

(Nachemson and Morris, 1964).  

Understanding the AF mechanical response is of prime importance in the aim to bring a more 

accurate multi-scale understanding of the IVD function. Due to its complex microstructure 

organization, the size of the AF specimen (i.e. single or multiple lamellae) and the zone of 

interest inside IVD are important issues for the determination of the AF mechanical response. 

Some authors examined the mechanical response of a single lamella with circumferential cut 

inside IVD (Ebara et al., 1996; Holzapfel et al., 2005; Michalek et al., 2009) whereas others 

considered AF as a stratified medium with transversal cut inside IVD (Michalek et al., 2009; 

Adam et al., 2015; Mengoni et al., 2015; Tavakoli and Costi, 2018). Although the information 

brought by the mechanical response of a single lamella is fruitful to understand the mechanics 
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of IVD, the dependence on the surrounding chemical environment may be only understood at 

the stratified scale, essentially due to the active role of inter-lamellae interactions in the fluid 

transfers. The extracellular matrix rearrangements and the collagen fibers-matrix interactions 

have certainly a strong impact on the inelastic effects due to the active role of proteoglycans 

(PGs) and fibers via the viscous sliding. Although remaining imprecisely understood to date, 

the fluid-matrix interactions have also a strong impact on the inelastic effects. Indeed, the 

negatively charged extracellular matrix interacts by osmotic effect with the liquid phase 

composed of water, mobile charges and small proteins (Newell et al., 2017). The underlying 

coupling depends on the chemical state of the IVD (Emanuel et al., 2018) with variations in 

fluid content inside extracellular matrix and modifications in chemical equilibrium (Drost et 

al., 1995; Costi et al., 2002; Huyghe and Drost, 2004; Bezci et al., 2015). Although inelastic 

and osmotic effects in IVD usually appear together, the coupling between both effects is rarely 

studied (Newell et al., 2017; Emanuel et al., 2018; Vergroesen et al., 2018). The evaluation of 

the intrinsic mechanics of AF multiple lamellae in relation with the surrounding chemical 

environment should bring precious information on the implication of PGs/collagen fibers as 

well as inter-lamellae interactions on the coupling between osmotic and inelastic effects. 

The main purpose of this part of the Chapter 2 is to bring a better understanding of the osmo-

inelastic coupling in the AF tensile response. The full-field displacements are determined 

simultaneously in the lamellae plane (LP) and in the fibers plane (FP) using an optical strain 

measuring technique based upon digital image correlation (DIC) on AF specimens of 

rectangular cross-section. The response is carefully evaluated only in relation to the 

microstructure, the biochemical environment and the mechanical loading conditions by 

considering, respectively, different locations in AF, osmolarity conditions and strain-rates. By 

this way, the "intrinsic" osmo-inelastic response of AF is obtained. The experimental 
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observations, related to both the intrinsic response and the local transversal strains, provide 

valuable insights into the underlying physical mechanisms of the osmo-inelastic coupling. 

 

2.3.2. Materials and methods 
 

2.3.2.1. Specimen preparation 
 

Cervical hemi-spines were harvested from three bovine cadavers obtained from a local abattoir. 

Bovine was selected in reason of its size that facilitates specimen preparation and local strain 

measurements. The fifteen IVDs extracted within two days after death were first separated from 

the adjacent vertebral bodies by hand using a surgical tool. Immediately after excision, IVDs 

were immerged in a distilled water bath with a saline concentration closes to physiological fluid 

of 9 g/L during 100 minutes. This time was necessary to re-establish chemical and hydration 

equilibrium (Costi et al., 2002).  

The specimen preparation procedure is illustrated in Figure 2.3.1. The regional variation was 

examined according to well-documented variations of content and orientation in collagen fibers 

(Inoue and Takeda, 1975; Eyre, 1979; Guerin and Elliott, 2006). Rectangular circumferentially-

oriented specimens with a regular cross-section were isolated from ventro-lateral and dorso-

lateral regions of AF. The specimens were circumferentially extracted in the aim to stretch them 

in this direction and to reproduce the compression mechanics of IVD. The tissue blocks of 

approximately 25 × 10 × 10 mm3 were divided into two parts: inner and outer. According to the 

location in the IVD, the AF specimens are designated as VI (ventro-inner), VO (ventro-outer) 

and DI (dorso-inner). The outer part of the dorsal region did not allow extracting usable 

specimens. The extracted specimens were stored at 4°C at maximum two days before testing. 

Fresh specimens were used to avoid any storage effects in terms of temperature and duration. 
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Figure 2.3.1. Preparation of AF specimens: (a) extraction from different locations in IVD, 

VO: Ventro-Outer,VI: Ventro-Inner, DI: Dorso-Inner, (b)specimen glued to two metal plates 

for the placement in the testing machine with simultaneous local displacement measurements 

in fibers plan (xy) and in lamellae plan (xz) using a right angle prism. 

 

The softness of AF specimens leads to gripping difficulties. Keeping bone is a solution  

(Holzapfel et al., 2005) but limited by bone brittleness and potential bone failure during cutting 

and grips pressure. The AF specimens may be also glued with cyanoacrylate to grips 

(Bruehlmann et al., 2004; O’Connell et al., 2011; Baldit et al., 2013), the cyanoacrylate stiffness 

being much higher than the AF stiffness (15-25 MPa) and its influence may be neglected. Here, 

the AF specimens were glued at metal plates using cyanoacrylate and then immerged in a 9 g/L 

saline solution during 100 minutes to reach equilibrium swelling and to cancel all residual 

stresses due to specimen preparation.  

 

2.3.2.2. Methods 
 

2.3.2.2.1. Mechanical tests 

The mechanical tests were carried out on an electro-pulse mechanical machine (Instron-5500) 

equipped with 1 kN load cell. A displacement-control function was imposed, load and cross-

(a) 

(b) 
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head displacement versus time being recorded during the tests. The displacement imposed to 

the specimen is related to a given axial strain, i.e. circumferential strain imposed to the IVD 

part (Figure 2.3.1). Loading-unloading tensile tests were performed at different axial strain-

rates and at room temperature. The AF specimens were stretched up to a prescribed stretch at a 

certain axial strain-rate and unloaded down to its initial position at the same absolute strain-

rate.  

The results reported in this investigation follow the experimental procedure illustrated in Figure 

2.3.2. Before testing, the AF specimens were preconditioned by 10 cycles of 1% axial strain at 

a rate of 10-3 s-1 in order to chemically equilibrate the tissue by favoring fluid transfers. In order 

to remove the Mullins effect and to verify the specimen adherence with the metal plates, the 

specimens were stretched to a 7% axial strain at a rate of 10-3 s-1. Preliminary tests have showed 

the importance of the preload and the specimens were carefully preloaded at 0.1 N before 

testing. 

 
Figure 2.3.2. Experimental design for two successives loading-unloading tensile tests (1: 

mechanical rest, 2: succesive low-strain tensions, 3: Mullins effect removing, 4: loading-

unloading test). 

 

In order to examine the location effect, the experiments were performed on VI, VO and DI 

specimens extracted from the same IVD. The axial strain was limited to a maximum value of 

5%. This value is consistent with physiological loads (Stokes and Greenapple, 1985) and micro-

alteration risks are limited. For severe conditions in terms of either strain level or cyclic 

number,the recovery is not ensured (Green et al., 1993; Iatridis et al., 2005; Andarawis-Puri et 
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al., 2012; Qasim et al., 2014), but only recoverable mechanisms are expected at this strain level 

(Johannessen et al., 2004). The strain-rate sensibility was investigated by applying successively 

the following axial strain-rates: 10-4 s-1, 10-3 s-1 and 10-2 s-1. After each constant strain-rate test, 

the same AF specimen was removed from the test device and immerged on a NaCl solution 

during 100 minutes to dissipate residual stresses and to get back chemical equilibrium. The 

osmolarity was controlled by varying the NaCl content in water from 9 g/L iso-osmotic solution 

to 36 g/L hyper-osmotic solution. These variations in osmolarity permit to simulate the 

inhomogeneous repartition of mobile ions in IVD during the spine movements. 

 

2.3.2.2.2. Statistical analysis 

Statistical analysis was carried out to determine standard deviation and error bars on the load 

value at a 95% confidence. The data presented in each figure in the results section represent the 

mechanical response of one AF specimen. A p-value < 0.05 was considered to be statistically 

significant. One-way analysis of variance (ANOVA), performed on fifteen AF specimens 

stretched at the same loading rate and the same NaCl concentration, indicates a standard 

deviation of 6.83% with a p-value of 0.0084. A two-way ANOVA without replication is then 

performed to other AF specimens (n=6) in order to indicate the statistical significance of the 

regional-dependence, the osmolarity effect and the strain-rate effect. Although the present study 

is based on a relatively small number of specimens (n=21), the goal is to provide qualitative 

trends of the chemo-mechanical response in relation to the microstructure, the biochemical 

environment and the mechanical loading conditions. 

 

2.3.2.2.3. Full-field strain measurements 

The displacement fields were computed using the DIC method consisting to compare a 

deformed image with that of the initial state in order to extract the relative local displacements. 
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This noninvasive method permits evaluation of behavior without external disturbance and 

allows capturing the heterogeneous features of soft tissues (Michalek et al., 2009; Baldit et al., 

2013; Vergari et al., 2016) while relating them with the macro-behavior. Since early the 1970s 

(Anuta, 1970), DIC was improved with advances of computer capability and digital cameras. 

A sequence of images is captured and discretized into small subsets of N×N pixels. Gray level 

values are then measured for each subset of the undeformed image and looked for in the 

deformed image to determine relative local displacements. The gray levels of a subset in the 

reference and deformed configurations, 1G  and 2G , respectively, are given by: 

    1 2, ,G x y G x u y v    (1) 

in which u  and v  are the displacement components of the subset center, optimized by 

minimizing the normalized cross-correlation coefficient r defined by: 
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With this finite element-based approach of DIC, displacement field is computed for each subset 

with keeping continuity between adjacent subsets. This method provides more robust 

measurements with complex displacement fields (Hild and Roux, 2012).  

The local displacement gradient tensor H  is defined by: 

 

u u

x y

v v

x y
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  
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H  (3) 

Then the local Green-Lagrange strain tensor E  is given by: 

  
1

2

T E FF I  (4) 

in which I is the identity tensor and  F H I  is the local deformation gradient tensor. 
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Images were recorded during experiments by means of a CCD camera Imager E-lite 2M 

(LaVision GmbH) at a frequency of 3 Hz with resolution of 290 pixels/mm and size of 1628 × 

1236 pixels. Images were analyzed with Davis Software 8.0 (StrainMaster, LaVision GmbH). 

Area of interest was chosen in the central part of the specimen to avoid unlikely cyanoacrylate 

effect. It was divided into small square subsets in which the displacement vector was 

determined. The real-time strain field was captured in FP and LP using a right angle prism as 

schematically shown in Figure 2.3.1. A similar method was previously employed by Roux et 

al. (2003) and Parsons et al. (2004) for other media. The CCD camera directly captures the front 

view of the AF specimen corresponding to FP, i.e. plan xy. Through the prism, the CCD camera 

simultaneously records LP, i.e. xz. The axial stress xx  is then deduced from the transversal 

stretches, 
yy and zz : 

 
0

xx

yy zz

F

S


 
  (5) 

in which F  is the actual load and 0S  is the initial cross-section. 

The AF tissue being a light medium with a poor natural contrast, DIC requires image processing 

(Guerin and Elliott, 2006; Baldit et al., 2013) or surface treatment in order to be suitable for 

measurements. Pins, inserted into the specimen, were also employed (Wagner and Lotz, 2004) 

but may potentially impact specimen integrity. In this investigation, different surface treatments 

were tested, and some of them are presented in Figure 2.3.3. Highly contrasted images with 

adequate surface treatment lead to correlation without images treatment, and ensure no local 

information loss. Both sides of the AF specimen received different treatments suitable for 

measurements. A first surface treatment consists to apply directly on the surface specimen a 

random speckle pattern with airbrush filled with a waterproof black paint (Figure 2.3.3a). It was 

assured that the speckles were non-overlapped, identical and as small as possible to optimize 

the spatial resolution. In a second surface treatment, a thin white coat of paint, able to follow 
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the imposed deformation without breaking is previously applied using an airbrush and the 

random speckle pattern is then applied with airbrush filled with a waterproof black paint (Figure 

2.3.3b). In a third surface treatment, methylene blue was used to enhance the natural contrast 

(Figure 2.3.3c). 

 

 

 

 

 
 

 

(a)                          (b)                          (c) 

Figure 2.3.3. Different surface treatments for DIC measurements: random speckle pattern (a) 

on a natural surface, (b) on a thin white coat of paint, (c) methylene blue. 

 

The surface treatment used for the full-field strain measurements may potentially affect the 

load. Figure 2.3.4 shows the effect of different surface treatments on the same specimen for 

successive quasi-static tests after pre-conditioning. The figure shows no significant effect on 

the overall mechanical response in terms of load-displacement curve. This result also assesses 

the pre-conditioning in which the mechanical and structural features of the AF specimen remain 

intact.  

 
                                      (a)                                                                  (b) 

Figure 2.3.4. Effect of the surface treatment on the AF load-displacement response: (a) effect 

of the thin white coat of paint (1: with, 2: without), (b) effect of the methylene blue (1: with, 

2: without). 
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2.3.3. Results 
 

2.3.3.1. Local strains 
 

2.3.3.1.1. Error 

The optical strain measuring technique introduces two main sources of error. The first one is 

due to data acquisition, especially the error coming from the surface treatment. Table 2.3.1 

provides typical errors, on the local axial and transversal strains, obtained by imposing a rigid 

body move to the AF specimen, griped at one side and free at the other one. The root mean 

square error (RMSE) is calculated from the following formula: 

  2 2RMSE
1

2
xx yyE E  (6) 

in which xxE  and 
yyE  are the maximal axial and transversal strains obtained during a rigid body 

move to the AF specimen.  

The error is reasonable for the three surface treatments and the random speckle pattern without 

white coat of pain was used for practical reasons. The second source of error is due to image 

correlation procedure itself. Indeed, the noise decreases with the subset size increase, but too 

large subset sizes lead to loss of local displacements (Parsons et al., 2004). A sensibility study 

was performed to find an optimal subset size.  

Surface treatment Maximum strains (%)  RMSE (%) 

 

Random speckle pattern 

on a natural surface 

 

Eyy = 0.0185 

Exx = -0.193 

 

9.7 

 

Random speckle pattern 

on a thin white coat of 

paint 

 

Eyy = 0.08 

Exx = -0.12 

 

 

7.2 

 

Methylene blue 

Eyy = 0.063 

Exx = -0.045 

3.9 

 

Table 2.3.1. Maximum strains measured in FP under rigid body move and RMSE for different 

surface treatments. 
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Figure 2.3.5 presents the strains as a function of time with subset size variation. Correlation 

windows size is also a key DIC parameter, with larger region of interest, more subsets are 

followed and with continuity between two neighborhood subsets, false detection probability 

decreases. In order to avoid glue effect and stress concentration near bounds of the specimen, 

the region of interest corresponds to 75% of the total specimen with a subset size of 48×48 

pixels to reduce noise.  

The focal distance in LP being modified due to the use of the prism, it generates randomly 

distributed noises coming from optical errors which may be reduced by a filtering process. Out-

of-plane displacements due to cross-section variation are a systematic source of error, but may 

be considered not significant under small imposed displacements. 

 

 

Figure 2.3.5. Strains as a function of time,during a loading-unloading tensile test,for different 

DIC calculations performed on the same images of 25×9 mm2 in size: (a) region of interest of 

11×3 mm2 and subsets of 24×24 pixels, (b) region of interest of 24×7 mm2 and subsets of 

24×24 pixels, (c) region of interest of 24×7 mm2 and subsets of 48×48 pixels, (d) region of 

interest of 24×7 mm2 and subsets of 96×96 pixels (1: Exx, 2: Ezz, 3: Eyy in %). 

 

(d) (c) 

(b) (a) 
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2.3.3.1.2. Full-field strain contours 

The heterogeneity in local strain fields is mainly due to the complex IVD microstructure, 

consisting in a stratified arrangement of collagen fibers, and by the coupling with the chemical 

effect during the mechanical loading. As an illustrative example, Figure 6 provides full-field 

strains in the two plans. Highly localized axial strains in FP are extended along the fiber axis. 

Despite heterogeneity, the mean axial strain is consistent with the applied macroscopic strain; 

for 5% applied macroscopic strain, the local axial strains are ranged from 0% to 10%, but the 

mean value is about 5%. Concerning the transversal strains, an "ordinary" specimen shrinkage 

in the FP transversal direction leads to negative values.  

 
          Fibers plan   Exx (%)    Fibers plan   Eyy(%) Lamellae plan Ezz (%) 

 
Figure 2.3.6. Full-field strains at 5% applied macroscopic strain. 

 

The mean value of the FP transversal strain is reported in Figure 2.3.7 and shows no significant 

osmolarity effect. In LP, highly localized transversal strains are extended along the lamellae 

axis with alternate positive and negative values. The mean value given in Figure 2.3.7 is 

interestingly positive. Measurements performed directly on LP without prism also confirm 

these findings. The positivity in LP transversal strains was also evidenced by Baldit et al. (2013) 

in AF tissues. It can be further observed in Figure 2.3.7 that the LP transversal strain is clearly 
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dependent on the salt concentration. The higher the NaCl concentration, the smaller the LP 

transversal strain.  

 
 (a)      (b) 

Figure 2.3.7. Osmolarity effect on the local transversal stretches: (a) FP, (b) LP. 
 

2.3.3.2. Stress-stretch response 
 

The mechanical response of AF is basically defined by the stress-stretch relationship. In order 

to illustrate the regional variation effect, Figure 2.3.8 presents the VO, VI, and DI stress-stretch 

responses with a 9 g/L NaCl concentration, considered as the reference configuration of the 

physiological solution. The regional and strain-rate effects on the response are statistically 

significant with a p-value of 0.0012 and lesser than 0.001, respectively. The mechanical 

stiffness is strongly dependent on the distance between the specimen and the nucleus. The 

stiffening tends to be more important in moving away from the nucleus since the fiber content 

is greater in the IVD outer part. The elastic stiffness E was calculated from the stress-stretch 

curves using a simple incompressible isotropic neo-Hookean elastic relationship:  

 2 1

3
xx xx

xx

E
 



 
  

 
 (7) 

The obtained results are reported in Table 2.3.2. Although the obtained stiffness is in 

consistence with those reported in the open literature in Table 2.3.3, inter-species differences 

demand critical analysis (Alini et al., 2008). The regional variation allows establishing the 

relationship between the AF elastic stiffness and the microstructure. At a fixed strain-rate, by 
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comparing the outer and inner parts, it is evidenced the content effect of collagen fibers, and by 

comparing the dorsal and ventral parts, it is evidenced the orientation effect of collagen fibers.  

 

Strain-rate (s-1) 
Elastic stiffness E (MPa) 

VO 

Elastic stiffness E (MPa) 

VI 

Elastic stiffness E (MPa) 

DI 

10-4 2.78±0.46 0.75±0.12 0.54±0.09 

10-3 3.17±0.52 1.01±0.17 0.97±0.16 

10-2 3.36±0.56 1.26±0.21 1.21±0.2 
 

Table 2.3.2. Regional effect on the elastic stiffness for a 9 g/L NaCl concentration. 

 

References Species Localization Elastic stiffness E (MPa) Poisson’s ratio ν 

 

Baldit et al.(2013) Porcine     0.8-1.1 

Baldit et al.(2013) Human      0.5-1.5 

O’Connell et al. (2012) Human  Lumbar 21 2.06 

Singha and Singha(2012) Human  Lumbar 0.88 0.5 

O’Connell et al. (2009) Human  Lumbar 2.7-20.9 2.27 

Lewis et al. (2008) Rabbit Lumbar 0.66-1.08 0.33-0.47 

Guerin and Elliott (2006) Human  Lumbar 2.5-29.3 4.64 

Holzapfel et al. (2005) Human  Lumbar 3.8-77.6   

Bass et al. (2004) Human Lumbar 15.7  

Elliott and Setton (2001) Human  Lumbar 1.7-2.52 1.8 

Ebara et al. (1996) Human Lumbar 2.6-40.9  

Acaroglu et al. (1995)     12.7   

Skaggs et al. (1994) Human Lumbar 59-136  

Green et al. (1993)  Lumbar 7.2-27.2  
 

Table 2.3.3. Elastic stiffness and Poisson’s ratio reported in the litterature. 

 

The AF tissue stiffens but gets smaller hysteresis area with the strain-rate increase. The 

maximum axial stress is reported in Figure 2.3.8d as a function of the axial strain-rate, such that 

a straight-line fit adequately describes the results. It can be observed in the figure that the slope, 

characterizing the rate-sensitivity, seems to be not sensitive to the region.  
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(a) 

(c) (d) 

 

 

Figure 2.3.8. Strain-rate effect on the (a) VO, (b) VI, (c) DI stress-stretch responses (1: 10-2s-1, 

2: 10-3s-1, 3: 10-4s-1) and (d) on the maximum stress.  

 

 

In order to illustrate the osmolarity effect translated by the chemical environment, Figure 2.3.9 

presents the DI stress-stretch response for different saline solution concentrations. The 

osmolarity and strain-rate effects on the response are statistically significant with a p-value of 

0.002 and 0.012, respectively. The mechanical response is strongly dependent on the chemical 

environment. Indeed, it is observed that the AF tissue stiffens with the salt concentration. The 

chemical-dependence of the elastic stiffness is reported in Table 2.3.4. The maximum axial 

stress is reported in Figure 2.3.9d as a function of the NaCl concentration. The slope depends 

on the osmolarity when the strain-rate decreases with saturated response appearing at the 

highest osmolarity condition.  

(b) 
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Figure 2.3.9. Strain-rate effect on the DI stress-stretch response for (a) 9 g/L, (b)18 g/L, (c)36 

g/L NaCl concentration and (d) on the maximum stress (1: 10-2s-1, 2: 10-3s-1, 3: 10-4s-1). 

 

NaCl concentration (g/L) Strain-rate (s-1) Elastic stiffness E (MPa) 

9 

10-4 0.55±0.09 

10-3 0.86±0.14 

10-2 1.14±0.19 

18 

10-4 0.86±0.14 

10-3 0.94±0.16 

10-2 1.16±0.19 

36 

10-4 0.79±0.13 

10-3 1.05±0.17 

10-2 1.37±0.23 
 

Table 2.3.4. Osmolarity effect on the DI elastic stiffness. 

 

2.3.3.3. Apparent Poisson’s ratio 
 

The change in size of AF in a direction perpendicular to the stretching can be basically 

quantified by the apparent Poisson’s ratio. The term “apparent” indicates the fluid flow 

dependency of this material property. Unlike stiffness, the apparent Poisson’s ratio is a two-

dimensional property for which the sign and magnitude depend on the plan under consideration, 

(c) (d) 

(a) (b) 
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i.e. FP or LP. Tables 2.3.5 and 2.3.6 report the apparent Poisson’s ratios calculated from the 

full-field strain measurements in FP and in LP: 

 
yy

xy

xx

E

E
   and zz

xz

xx

E

E
    (8) 

The apparent Poisson’s ratios are clearly out of the classical range, being higher than 0.5 in FP 

and smaller than 0.0 in LP. The negative Poisson’s ratio in LP is necessarily accompanied by a 

positive Poisson’s ratio in FP to ensure a positive volumetric strain.  

 

NaCl concentration (g/L) Poisson’s ratio νxy 

FP 

Poisson’s ratio νxz 

LP 

9 0.73±0.16 -0.21±0.05 

18 0.71±0.15 -0.13±0.03 

36 0.81±0.17 -0.08±0.02 
 

Table 2.3.5. Osmolarity effect on the DI apparent Poisson’s ratios in FP and in LP. 

 

 Poisson’s ratio νxy 

FP 

Poisson’s ratio νxz 

LP 

VO 1.02±0.22 -0.70±0.15 

VI 0.91±0.2 -0.58±0.12 

DI 1.02±0.22 -0.58±0.12 
 

Table 2.3.6. Regional effect on the apparent Poisson’s ratios in FP and in LP for a 9 g/L NaCl 

concentration. 

 

The volumetric strain is found higher in VI/VO than in DI. The collagen network seems to 

cause this difference, since the lamellae thickness is smaller in dorsal part than in ventral part 

of the IVD. Table 3 reports values existing in the open literature. Unfortunately, studies 

reporting this property are limited in number, due essentially to the difficulty of measurements 

and all existing values correspond to a Poisson’s ratio in FP (Elliott and Setton, 2001; Guerin 

and Elliott, 2006; Lewis et al., 2008; O’Connell et al., 2009, 2012; Singha, 2012; Baldit et al., 

2013). Although some authors report an apparent FP Poisson’s ratio in the classical bounds, the 

value found in this study is in accordance with others even if there is an important variability 

caused by age or species. A very low osmolarity sensitivity is found on the apparent FP 
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Poisson’s ratio. Indeed, as shown in Figure 2.3.7, a very small increase of the FP transversal 

strain is observed with the increase in NaCl concentration which may be related to the collagen 

fiber reorientation and the induced local stresses. AF presents swelling response in LP related 

to an auxetic feature (negative Poisson’s ratio) which was never quantified on AF in the 

literature, but also observed on other biological media like skin (Veronda and Westmann, 1970; 

Lees et al., 1991), arteries (Timmins et al., 2010) and tendons (Gatt et al., 2015). This exciting 

finding would allow a better understanding of what the nature is able to do since a negative 

Poisson’s ratio is not common in most everyday materials. 

 

2.3.4. Discussion 
 

An accurate method was developed in the aim to evaluate the osmo-inelastic coupling in AF in 

relation with the material microstructure. Our results show that the hysteretic response and the 

rate-dependency of the AF tissue are two inelastic features strongly coupled to the osmotic 

effect due to chemical environment in which the physiological fluid reacts with the soft tissue. 

By comparing the outer (VO) and inner (VI and DI) responses (Figure 2.3.8), it seems that the 

hysteresis is not dependent on the fiber content suggesting that this inelastic effect mainly 

originates from the extracellular matrix rearrangements. Fiber-fiber and fiber-matrix 

interactions are also usual effects (Ambard and Cherblanc, 2009; O’Connell et al., 2012), but 

difficult to decouple. In addition, the non-dependence of the region on the rate-sensitivity 

(Figure 2.3.8d) suggests that the molecular reorganization of the extracellular matrix is probably 

the main source of rate-dependency. The stiffening with the osmolarity (Figure 2.3.9) points 

out the coupling in which mechanical and chemical stresses opposite. More the ionic content is 

important in the solution, less the tissue swells to reach a chemo-mechanical equilibrium and 

more the stress is important. An increase in osmolarity goes along with an increase in 

extracellular matrix density. The saturated response manifested by the slope decrease appearing 
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at low strain-rate and high osmolarity condition (Figure 2.3.9d) may be explained by a more 

easily reached equilibrium since ionic exchanges are promoted (Vogel and Pioletti, 2012; 

Vergroesen et al., 2018).  

The transversal strain in LP is found positive and dependent on the NaCl concentration as 

shown in Figure 2.3.7. This observation is to relate to the trend of the soft tissue to contract 

during the loading in order to keep its chemo-mechanical equilibrium. Before to reach this state, 

ionic components in solution are expulsed and chemical unbalance is created in the extracellular 

matrix. The ionic disorder increases with the NaCl concentration. The internal chemical stress 

tends thus to oppose to the external strain and fluid flows out of the specimen. The osmotic 

effect is more important in LP than FP. In LP, the negative apparent Poisson's ratio suggests 

inter-lamellae fluid exchanges. Indeed, although the LP transversal strain is positive in average 

(Figure 2.3.7), the distribution exhibits alternate positive and negative values as illustrated in 

Figure 2.3.6. The large thickness in LP induces inter-lamellae interactions (Adams and Green, 

1993; Guerin and Elliott, 2006; Adam et al., 1995) and inter-lamellae fluid exchanges. The 

latter is believed to be the source of the LP auxetic response. The osmotic-dependency of the 

swelling points out the chemo-mechanical coupling. The inter-lamellae zones seem to play a 

key role in the underlying physical mechanisms. They are described as an extracellular matrix 

without organized collagen fibers and may be responsible for a large amount of the inelastic 

effects (Tavakoli and Costi, 2018), which are altered by changes in PGs density induced by 

changes in osmolarity. The fluid flow during the AF stretching is thus a consequence of 

differences in stress between lamellae and inter-lamellae zones. This statement could be 

verified with transversal strain measurements during long-time relaxation experiments in 

relation with the surrounding chemical environment. 

It is beyond the scope of this work to provide a clear picture on how the different chemo-

mechanical features interact in the IVD function. Graded increasing of elastic stiffness, reveals 
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very accurate AF working. Indeed, higher elastic stiffness of outer part (VO) preserves integrity 

of the structure and limits deformation of tissue whereas lower elastic stiffness of inner part 

(VI/DI) permits better softening of stresses from nucleus. Our results show also that the inelastic 

effects in AF originate from both extracellular matrix and fluid flow, and are combined to a LP 

auxetic effect. The presence of auxeticity and inelasticity result in a better IVD functionality by 

optimally managing the axial loads transmitted by the spinal column.  

 

2.3.5. Partial conclusions 
 

This study has been conducted to determine the intrinsic behavior of the bovine AF by 

considering osmotic and inelastic effects at the same time. The effects of microstructure (trough 

the IVD locations), biochemical environment and strain-rate have been considered. The osmo-

inelastic mechanisms have been revealed by analyzing these effects on both the macro-stress 

and the full-field transversal strains. The hysteresis area and the rate-sensitivity have been found 

independent on the collagen fibers content/orientation, suggesting the preponderant role of the 

PGs macromolecules rearrangements on the inelastic effects. The latter statement has been 

confirmed by the evident osmotic-dependency of the rate-sensitivity since an increase in 

osmolarity goes along with an increase in PGs density. The inter-lamellae fluid exchanges have 

been suggested by the strong chemical dependence of the LP auxetic response. 
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Chapter 2: Experimental 

characterization 
 

Part 4: Poisson’s ratio in annulus 

fibrosus and osmo-inelastic coupling4 
 

 
Abstract 

The annulus fibrosus (AF) is a highly complex layered structure in which the inelastic features of the tangled 

extracellular matrix interact with the surrounding physiological fluid by osmotic effect. In this last part of the 

Chapter 2, the time-dependent transversal behavior in the two plans of AF (fibers and lamellae plans) is reported 

by means of an accurate optical strain measuring technique based upon digital image correlation. AF specimens 

of rectangular cross-section, extracted from bovine cervical discs, are tested under quasi-static and relaxation 

loading with variation in osmolarity and strain-rate conditions. Analysis of variance highlights osmo-inelastic 

effects on the elastic stiffness and the apparent Poisson’s ratios, with p-value<0.05. Under quasi-static loading, the 

apparent Poisson’s ratio is found higher than 0.5 in fibers plan and negative in lamellae plan. This material property 

evolves towards classical bounds with relaxation time. The strong dependence of the auxetic behavior on time and 

chemical environment provides valuable insights about internal fluid exchanges. An interpretation of the osmo-

inelastic mechanism is proposed in which mechanical-based and chemical-based fluid-flow interact until chemo-

mechanical equilibrium. 

Keywords: Annulus fibrosus; Digital image correlation; Poisson's ratio; Auxetic; Osmo-inelastic coupling. 

                                                             
 

4 This Part of this chapter is based on the following paper: Amil Derrouiche, Fahmi Zaïri, Fahed Zaïri, Poisson’s 
ratio in annulus fibrosus and osmo-inelastic coupling, submitted. 
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2.4.1. Partial introduction 
 

The intervertebral disc (IVD) is a complex fibrocartilage connecting our vertebrae from cervical 

to lumbar parts. This soft tissue allows body movements when our vertebral column is subjected 

to bend or twist. It is composed by gelatinous core, i.e. nucleus pulposus (NP), retained by 

concentric reinforced layers, i.e. annulus fibrosus (AF). At the microstructural scale, tangled 

proteoglycans (PGs) macromolecules form an extracellular matrix (ECM) attracting mobile 

ions and physiological fluid by osmotic effect. In each lamella of AF, oriented collagen fibers 

increase in content from inner part to outer part, and change in orientation from dorsal part to 

ventral part (Inoue and Takeda, 1975; Eyre, 1979; Guerin and Elliott, 2006). The AF 

mechanical properties are thus regional dependent (Skaggs et al., 1994; Ebara et al., 1996; 

Holzapfel et al., 2005; Michalek et al., 2009). Collagen fibers give high stiffness to the AF in 

order to contain NP swelling under vertebra-induced compression during our movements. An 

understanding of interactions between different constituents in relation with the environment is 

of major importance in the description of the tissue.  

As other cartilages, the IVD hydration influences the response by reaction between mobile ions 

in the physiological fluid and ECM fixed charges. The fluid is a major contributor to the AF 

behavior, by varying according to external mechanical loads and internal osmotic pressure and 

by ensuring in-vivo nutrients supply. Indeed, under mechanical loading, the fluid, flowed out, 

leads to chemical imbalances that generate fluid inflow (Drost et al., 1995; Schmidt et al., 2016). 

The IVD exhibits a time-dependent mechanical response, governed by the changes in fluid 

content and the inelastic effects (Race et al., 2000; Holzapfel et al., 2005; Kemper et al., 2007; 

Ambard and Cherblanc, 2009; Newell et al., 2016, 2017; Tavakoli and Costi, 2018). Since the 

microstructural organization of collagen fibers is not uniform, strain fields are highly 

heterogeneous (Moo et al., 2018) and local tracking is required in order to understand the AF 

response. Chemo-mechanical couplings in the soft tissues are now well accepted (Emanuel et 
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al., 2018; Vergroesen et al., 2018) but not fully understood, especially in relation with local 

strain field.  

Interlamellar zones in AF play a fundamental role in the coupling (Michalek et al., 2009; Adam 

et al., 2015; Mengoni et al., 2015; Vergari et al., 2016; Tavakoli and Costi, 2018). In this regard, 

the quantitative determination of Poisson’s ratio in AF specimens composed by multiple 

lamellae would allow a plausible explication of the implication of interlamellar zones in internal 

fluid exchanges. This material property, describing the transversal behavior of axially stretched 

specimens, is between 0 and 0.5 for almost existing materials. Dependent on the observed 

direction, an out-of-bonds Poisson’s ratio was usually observed in the fibers plan (FP) of AF 

specimens with scattered values between 0.3 and 4.64 (Elliott and Setton, 2001; Guerin and 

Elliott, 2006; Lewis et al., 2008; O’Connell et al., 2009; O’Connell et al., 2012; Singha and 

Singha, 2012; Baldit et al., 2014). In the lamellae plan (LP), AF exhibits an auxetic (negative 

Poisson’s ratio) behavior (Baldit et al., 2014). The auxeticity is not common in most everyday 

materials, but negative values of this material property were also reported for other biological 

tissues such as cat skin (Veronda and Westmann, 1970), cow teat skin (Lees et al., 1991), human 

cancellous bone (Williams and Lewis, 1982), bovine arteries (Timmins et al., 2010) and human, 

pig and sheep Achilles tendon (Gatt et al., 2015). 

In this last part of the Chapter 2, full-field transversal strains are determined simultaneously in 

LP and in FP of AF specimens of rectangular cross-section subjected to quasi-static and 

relaxation loading. The response is carefully evaluated in relation to the collagen fibers content, 

the osmolarity and the strain-rate. The Poisson’s ratio, obtained in short and long-time 

experiments, is presented as an indicator of osmo-inelastic coupling in the aim to provide 

valuable insights into the underlying physical mechanisms. 
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2.4.2. Materials and methods 
 

2.4.2.1. Specimen preparation 
 

Fifteen AF samples were extracted from cervical bovine spine within two days after death. AF 

ventro-inner (VI) and ventro-outer (VO) parts were carefully separated from IVD using surgical 

tool along circumferential direction of IVD. VI and VO parts were then separated to have 

specimens of rectangular cross-section of approximately 25 × 10 × 10 mm3. Bovine was 

selected in reason of its size, facilitating local strain measurements. Moreover, interspecies 

variability is lower for animals than humans, due to lifestyle but inter-species differences 

demand critical analysis (Alini et al., 2008). After excision, AF specimens were immerged in 9 

g/L saline solution during 100 minutes in order to re-establish hydration due to low humidity 

of storage room in abattoir (Costi et al., 2002). The extracted AF specimens were stored at 4°C 

at maximum two days before testing. Fresh specimens were used to avoid any storage effects 

in terms of temperature and duration. Gripping AF specimen is a difficult task for the 

mechanical tests due to softness of the tissue and potential failure of the bone with grips 

pressure. In accordance with the literature, the AF specimen was glued to aluminum plates 

using cyanoacrylate and then mounted on the testing machine (Bruehlmann et al., 2004; 

O’Connell et al., 2011; Baldit et al., 2014). The cyanoacrylate influence may be neglected due 

to higher stiffness than AF tissue.  

 

2.4.2.2. Methods 
 

The tests were carried out at room temperature on the electro-pulse mechanical machine 

(Instron-5500) with 1 kN load cell. Quasi-static and relaxation tests were performed under axial, 

i.e. circumferential in IVD, controlled-displacement to characterize both the evolution in stress 

and the evolution in transversal strains while the specimen is constantly immerged in a saline 
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solution with various concentrations. The applied circumferential strain represents the AF 

response exposed to the NP swelling (Nachemson and Morris, 1964). 

Prior to each experiment, a three-step preconditioning is applied to ensure repeatability of the 

mechanical response. After a first step of 30 min of mechanical rest, the AF specimens were 

preconditioned by 10 cycles with an axial strain amplitude of 1% at a rate of 10-3s-1 in order to 

stimulate chemical equilibrium and fluid transfers. Then, the specimens were carefully 

preloaded at 0.1 N before testing and stretched at an axial strain of 7% at a rate of 10-3 s-1. The 

Mullins effect removing improves the repeatability of the response and ensures the specimen 

adherence with the metal plates. The results reported in this investigation follow the protocol 

illustrated in Figure 2.4.1. 

Two kinds of experiments were performed to characterize the AF mechanical behavior in 

relation with the osmo-inelastic coupling. The first one consists in a quasi-static tensile loading-

unloading test at a maximum axial strain of 5% (Figure 2.4.1a). The second one consists in a 

relaxation test in which the axial strain was ramped at a prescribed level and maintained 

constant during a holding time sufficient to reach the stabilization in load (Figure 2.4.1b).  

 

 
                                    (a)                                                             (b) 

Figure 2.4.1. Experimental design for two successive tests: (a) quasi-static test and (b) 

relaxation test (1: mechanical rest, 2: successive low-strain tensions, 3: Mullins effect 

removing, 4: test). 

 

The strain-rate sensibility was investigated by applying successively the following axial strain-

rates: 2×10-5 s-1, 2×10-4 s-1 and 2×10-3 s-1. For each strain-rate, experiments were repeated with 
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increasing of NaCl concentrations from 0 g/L hypo-osmotic solution, 9 g/L iso-osmotic solution 

and 18 g/L hyper osmotic-solution in order to highlight the chemo-mechanical coupling. The 

effect of collagen fibers content was examined by comparing VO and VI specimens according 

to well-documented regional variation in IVD (Inoue and Takeda, 1975; Eyre, 1979; Guerin 

and Elliott, 2006). 

Between two successive experiments, the specimen was completely unloaded to dissipate 

residual strains. Before each test, the three-step preconditioning is carefully performed on the 

AF specimento promote chemical equilibrium after changes in NaCl concentration. As an 

example, Figure 2.4.2 presents the result of two tests showing the repeatability of the visco-

elastic response of the AF tissue. The total recovering capability is verified even for thousand 

preconditioning cycles within physiological loads (Johannessen et al., 2004). 

 

                                            (a)                     (b) 

Figure 2.4.2. Two successive relaxation tests performed on the same AF specimen: (a) load 

and (b) normalized load as a function of time.  
 

2.4.2.3. Statistical analysis 
 

Validity of the present contribution and errors bars on the load was determined by statistical 

analysis in order to take into account the inevitable inter-specimen variability, even if this 

dispersion is lower for animal specimen than human specimen. Fifteen specimens were 

stretched at the same strain-rate and NaCl concentration and, the results were analyzed by one-

way analysis of variance (ANOVA). A p-value < 0.05 was considered to be statistically 
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significant. Standard deviation at a 95 % confidence was estimated about 6.83% with a p-value 

of 0.0084 indicating statistical significance of the study. The data presented in each figure in 

the results section represent the mechanical response of one AF specimen. A two-way ANOVA 

without replication is then performed in order to indicate the statistical significance of the osmo-

inelastic effects. Although the present study is based on a relatively small number of specimens 

(n=21), the goal is to provide qualitative trends of the chemo-mechanical response in relation 

to the microstructure, the biochemical environment and the mechanical loading conditions.  

 

2.4.2.4. Full-field strain measurements 
 

A digital image correlation (DIC) system constituted by a charged couple device (CCD) camera 

(Imager E-lite) interfaced with a computer for image digitizing and analyzing (Davis software 

developed by Lavision) was used to calculate a two-dimensional (2D) field of in-plane 

displacements. The lens axis of the CCD camera was kept perpendicular to the front face of the 

AF specimen to capture the 2D full-field displacements in FP. The 2D full-field displacements 

in LP were obtained via a right-angle prism placed besides the AF specimen. A schematic 

overview of the experimental set-up is shown in Figure 2.4.3. The strategy was earlier used by 

Roux et al. (2003) and Parsons et al. (2004) for other materials. DIC measurements consist in 

correlating the gray levels of each deformed specimen image to their counterpart of the 

undeformed specimen image. To obtain randomized gray levels distributions, an artificial 

random speckle pattern was applied on both sides of each AF specimen with airbrush filled 

with India ink. It was assured that the speckles were non-overlapped, identical and as small as 

possible to optimize the spatial resolution.  
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Figure 2.4.3. Schematic view of AF specimen with simultaneous local displacement 

measurements in fibers plan (xy) and in lamellae plan (xz) using a right angle prism. 

 

The deformed specimen images were recorded at a frequency of 3 Hz with resolution of 290 

pixels/mm and size of 1628 × 1236 pixels. The zone of interest (ZOI) of each image was divided 

into small square subsets of size 48×48 pixels. The in-plane displacement vector was 

determined in the centre point of each subset. Area of interest was chosen in the central part of 

the specimen to avoid unlikely cyanoacrylate effect. It was divided into small square subsets in 

which the displacement vector was determined. A root mean square error of 9.7% from the 

correlation process is estimated by imposing a rigid body move to AF specimen, griped at one 

side and free at the other one. 

From the full-field strains averaged in the ZOI, the actual specimen cross-section was estimated. 

Then, the Poisson’s ratios xy  and xz  were calculated from the ratio between the transversal 

strain, in FP and LP, respectively, and the axial strain. The elastic stiffness E  was determined 

by fitting a simple neo-Hookean elastic relationship to the tensile response in terms of axial 
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stress as a function of axial strain. The stress was determined as the ratio of the actual load 

recorded by the load-cell and the actual specimen cross-section.  

 

2.4.3. Results 
 

2.4.3.1. Quasi-static response 
 

Figures 2.4.4 and 2.4.5 present the AF stress-stretch response for the two locations in IVD, i.e. 

VI and VO. The effects of the microstructure, the biochemical environment and the strain-rate 

on the hysteretic response can be observed. The regional variation allows establishing the 

relationship between the AF mechanical response and the collagen fibers content. Tables 2.4.1 

and 2.4.2 provide the elastic stiffness and the Poisson’s ratios.  

 

NaCl concentration (g/L) Strain-rate (s-1) 
Elastic stiffness E (MPa) 

VI 

Elastic stiffness E (MPa) 

VO 

0 
2×10-3 2.95±0.5 5.85±0.99 

2×10-4 2.44±0.41 5.56±0.95 

2×10-5 2.18±0.37 4.76±0.81 

9 
2×10-3 5.05±0.86 6.47±1.1 

2×10-4 4.28±0.73 6.16±1.05 

2×10-5 3.54±0.6 5.14±0.87 

18 

2×10-3 7.73±1.31 7.28±1.24 

2×10-4 5.68±0.97 6.9±1.17 

2×10-5 4.78±0.81 5.78±0.98 
 

Table 2.4.1. Osmolarity effect on the elastic stiffness obtained from quasi-static tests. 

 

The statistical significance of the strain-rate and osmolarity effects are estimated on the material 

properties in order to highlight the osmo-inelastic coupling. Both effects are statistically 

significant on the elastic stiffness for VI specimen with a p-value of 0.05 and 0.0045, 

respectively. These effects are more evidenced for the VO specimen with p<0.001 for both 

effects. 
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NaCl concentration (g/L) Strain-rate (s-1) 

Poisson’s ratio 

VI 

Poisson’s ratio 

VO 

νxy 

FP 

νxz 

LP 

νxy 

FP 

νxz 

LP 

0 
2×10-3 0.887±0.19 -0.468±0.1 1.097±0.24 -0.295±0.06 

2×10-4 0.74±0.16 -0.574±0.12 0.83±0.18 -0.432±0.09 

2×10-5 0.736±0.16 -0.73±0.16 0.87±0.19 -0.55±0.12 

9 
2×10-3 0.92±0.2 -0.2±0.04 1.12±0.24 -0.156±0.03 

2×10-4 0.74±0.16 -0.387±0.08 1.01±0.22 -0.347±0.07 

2×10-5 0.76±0.16 -0.449±0.1 0.89±0.19 -0.512±0.11 

18 

2×10-3 0.963±0.21 -0.146±0.03 1.07±0.23 -0.093±0.02 

2×10-4 0.811±0.17 -0.29±0.06 1.06±0.23 -0.215±0.05 

2×10-5 0.78±0.17 -0.36±0.08 0.92±0.2 -0.465±0.1 
 

Table 2.4.2. Osmolarity effect on the Poisson’s ratios obtained from quasi-static tests. 

 

 
                                            (a)              (b) 

 
                                            (c)              (d) 

Figure 2.4.4. VI stress-stretch responses at three different strain-rates (1: 2×10-3s-1, 2: 2×10-4s-

1, 3: 2×10-5s-1) for (a) 0 g/L, (b) 9 g/L, (c) 18 g/L NaCl concentration, and (d) maximum stress 

as a function of strain-rate.  

 

The AF tissue stiffening with the salt concentration shows the strong osmotic dependency of 

the mechanical response. The AF elastic stiffness variation can be also seen on the maximum 

stress variation represented in Figures 2.4.4d and 2.4.5d. The osmolarity dependence of the rate 
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sensitivity, characterized by the slope, is more prounounced in VI than in VO, suggesting that 

high fibers content could hide the osmotic contribution. 

 

 
                                     (a)               (b) 

 
                                     (c)              (d) 

Figure 2.4.5. VO stress-stretch responses at three different strain-rates (1: 2×10-3s-1, 2: 2×10-

4s-1, 3: 2×10-5s-1) for (a) 0 g/L, (b) 9 g/L, (c) 18 g/L NaCl concentration, and (d) maximum 

stress as a function of strain-rate.  

 

The transversal behavior is described by the apparent Poisson’s ratios. The term “apparent” is 

employed in order to point out the fluid flow dependency of this two-dimensional material 

property, out of the classical bounds: higher than 0.5 in FP and negative in LP. The swelling in 

LP is accompanied by large shrinkage in FP resulting in overall to a positive volumetric 

variation. The apparent Poisson’s ratio seems reach an equilibrated value in FP when the strain-

rate decrease with relative osmolarity dependence in VI (p-value=0.01 and p-value<0.001 for 

strain-rate and osmolarity effects, respectively). In VO, the strain-rate and osmolarity 

depedency are not statistically significant in FP (p-value>0.05), confirming that the collagen 

fibers contribution is preponderant in the mechanical response. In LP, the interesting swelling 

presents strong variation with strain-rate and osmolarity in both VO and VI (p-value<0.01). The 
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collagen reinforcement contribution is still evidenced with lower Poisson’s ratio values in VO. 

In order to better understand the AF chemical-dependency, suggesting ionic transport effect, it 

is now proposed to investigate the AF time-dependency of the chemo-mechanical coupling 

through relaxation tests under well controlled-environment. In particular, the auxetic response 

being associated to the fluid transfer, relaxation measurements allow to identify the underlying 

mechanisms related to mechanical and chemical stresses. 

 

2.4.3.2. Relaxation response 
 

Results of chemo-relaxation tests are presented in Figure 2.4.6 in terms of load evolution. The 

load seems to evolve towards an end, if the hold time is sufficiently long, corresponding to a 

stabilized relaxed-load. The normalized load is found markedly depend on the strain-rate 

(Figure 2.4.6a). The decrease with the strain-rate suggests a strong chemo-mechanical coupling 

of the AF tissue. Indeed, the fluid transfer seems to be the main source of the chemo-relaxation 

response. The strain level significantly affects the maximum load and the relaxed-load. 

Nevertheless, the normalized load is found independent on the strain level (Figure 2.4.6b), 

suggesting a proportional effect of the applied stretch on the fluid exchange. The external 

solution concentration has a strong effect on the chemo-relaxation response of the AF tissue 

(Figure 2.4.6c). By favoring the fluid transfer, the osmolarity has for effect to increase the AF 

stiffness at the macro-scale and the local stresses. The equilibrium response clearly depends on 

the environment. With higher local stresses previous to the relaxation, the chemical imbalances 

are higher and the relaxed-load becomes lower with more fluid exchange. 

The transversal behavior can provide some additional insights on the structural changes during 

the chemo-relaxation. A typical result is provided in Figure 2.4.7a. As a consequence of the 

applied axial stretching, the LP and FP transversal strains increase. The transversal strains 

represent structural changes due to fluid content evolution. In FP, the tightening reaches about 
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a 3% transversal strain for a 3.5% axial strain. In the meantime, the AF swells at about a 1.5% 

transversal strain in LP. More interestingly, during the relaxation period, an opposite evolution 

is observed for both transversal strains until to reach a stabilized value due to the chemo-

mechanical equilibrium. The equilibrium transversal strain is equal to about 1.7% in FP and 

close to zero in LP.  

 

 
      (a)                                                                (b) 

 
(c) 

Figure 2.4.6. Evolution under relaxation of load with (a) strain-rate, (b) strain level and (c) 

osmolarity effects. 

 

Apparent Poisson’s ratio may be considered as an indicator of the AF local response in relation 

with internal changes. As a consequence of the opposite evolution in transversal strains between 

stretching and relaxation, the apparent Poisson’s ratios change during the chemo-relaxation 

process as shown in Figure 2.4.7b. The apparent Poisson’s ratio decreases in FP and increases 

in LP, to reach stabilized-values in a more classical range, about 0.5 in FP and 0.02 in LP.  
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             (a)                                                                   (b) 

Figure 2.4.7. Evolution under relaxation of (a) local strains (1: axial strain, 2: LP transversal 

strain, 3: FP transversal strain) and (b) apparent Poisson’s ratios. 

 

 

The osmo-inelastic effects on the apparent Poisson’s ratio are given in Figures 8 and 9. The 

stabilized values are provided in Tables 2.4.3 and 2.4.4. In FP, the increase in osmolarity leads 

to decrease the apparent Poisson’s ratio and to increase the relaxation time (Figure 2.4.8). When 

the response is relaxed, the value becomes in the classical range of usual Poisson’s ratios. The 

LP auxetic response vanishes with a high osmolarity dependency of the relaxed-value and the 

relaxation time. The strain-rate has a strong effect on the relaxation time both in LP and in FP 

(Figure 2.4.9). The relaxed-value is nearly not affected by the strain-rate in LP and weakly 

affected in FP. 

NaCl concentration (g/L) 
Poisson’s ratio νxy 

FP 

Poisson’s ratio νxz 

LP 

0 0.56±0.12 0.002±0.0004 

9 0.51±0.11 0.14±0.03 

18 0.51†±0.11 0.31†±0.07 
 

Table 2.4.3. Osmolarity effect on the VI stabilized Poisson’s ratios obtained from relaxation 

tests for a strain-rate of 10-3 s-1 (†not stabilized). 

 

 

Strain-rate (s-1) 
Poisson’s ratio νxy 

FP 

Poisson’s ratio νzx 

LP 

10-3 0.51±0.11 0.14±0.03 

2.5×10-4 0.54±0.12 0.08±0.02 

1.25×10-4 0.56±0.12 0.11±0.02 
 

Table 2.4.4. Strain-rate effect on the VI stabilized Poisson’s ratios obtained from relaxation 

tests for a 9 g/L NaCl concentration. 
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2.4.4. Discussion 
 

Our experimental observations provide valuable insights into the chemo-mechanical coupling 

and the origin of the time-dependency. The underlying mechanisms involve both ECM 

rearrangement and ionic transfer by fluid exchange. We evidence that the AF tissue exhibits 

different transversal behaviors in its two plans, namely FP and LP. An antagonist variation is 

found during relaxation, suggesting a fluid exchange between FP and LP. The apparent 

Poisson’s ratio is a two-dimensional material property taken as indicator of the chemo-

mechanical coupling in the aim to better understand the capability of the AF tissue to maintain 

its internal chemical balance under external mechanical loading.  

Under a quasi-static loading, the volume variation, due to Poisson’s ratio effect, is found 

regional-dependent and higher in VI than in VO (Table 2.4.2). The collagen network seems to 

cause this difference, since its contribution avoids internal changes. The volume variation is a 

function of ionic content in solution to equilibrate chemical and mechanical parts of the 

response. Indeed, the volume variation decreases with NaCl concentration. That may be 

explained by the fact that in a hyper-osmotic environment, AF needs to swell lesser to catch 

mobile ions in solution. 

The hyper-osmotic effect is also responsible of a microstructure tightening inducing a smaller 

fluid volume in the tissue. If the environment becomes hypo-osmotic, the AF swelling is higher 

in order to catch more ions and to reach the chemo-mechanical equilibrium. This time-

dependency of the chemo-mechanical response is caused by the fluid transfer between FP and 

LP. The mechanical stress during the stretching contributes to the fluid flow inducing a 

chemical stress which provokes the fluid recovering during the relaxation until equilibrium, in 

which chemical and mechanical stresses become equilibrated. The transferred fluid content 

increases with the increase in strain level. Indeed, the chemical unbalance is directly related to 

the fluid exchange. By increasing the prescribed axial strain, at a given strain-rate, a higher 
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ionic content in the tissue is required to reach the chemo-mechanical equilibrium and the 

observable relaxed state at the macro-scale. 

 
                                          (a)                                                                 (b) 

 
(c) 

Figure 2.4.8. Evolution under relaxation of apparent Poisson’s ratios for (a) 0 g/L, (b) 9 g/L 

and (c) 18 g/L NaCl concentration, strain-rate of 10-3 s-1. 

 
      (a)                                                           (b) 

 
(c) 

Figure 2.4.9. Evolution under relaxation of apparent Poisson’s ratios for (a) 2.5×10-4 s-1, (b) 

1.25×10-4 s-1 and (c) 10-3 s-1, 9 g/L NaCl concentration. 
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The osmo-relaxation in AF tissue is a reversible process dependent on fluid exchange. Other 

reversible factors may participate to the stress relaxation in the AF tissue such as the PGs 

reorganization (Sverdlik and Lanir, 2002). The stabilized relaxed-load is reached more rapidly 

at a zero NaCl concentration since a limiting fluid transfer is involved. Higher NaCl 

concentrations act on the fluid transfer inside the tissue. As a consequence, the degree, to which 

the AF tissue is relaxed, increases with the osmolarity (Figure 2.4.8). The hold time needed to 

reach the stabilized relaxed-load increases with the osmolarity. The equilibrium response 

clearly depends on the environment since PGs macromolecules become closer under hyper-

osmotic environment in order to reduce the fluid content and to establish the chemical 

equilibrium. The microstructure state may be then affected by the chemical stress created with 

increase in mobile ionic components. The chemo-induced microstructure rearrangement is then 

responsible of local mechanical stresses that induce more fluid flowed out. With higher local 

stresses previous to the relaxation, the chemical imbalances are higher and the relaxed-load 

becomes lower with more fluid exchange. 

Fluid transfer inside the tissue is an explanation of the chemo-relaxation response of the AF 

during the maintaining of the axial stretch. The quantity of flowed fluid is dependent on the rate 

at which the maintained axial stretch is reached. Indeed, the fluid flow is more important when 

the strain-rate increases. During the stretching, the local strains or stresses are heterogeneous 

and dependent on the applied strain-rate. Higher the strain-rate is, higher the local stresses are. 

At high strain-rate, the highly localized stresses favor the fluid transfer towards zones with 

lesser stresses. The fluid content in the tissue decreases with the intensity of the local stresses 

and with the strain-rate. The relaxation response is then dependent on the fluid exchange during 

the previous stretching rate (Figure 2.4.9). Since a higher amount of fluid is transferred due to 

local stresses during the initial stretching when the strain-rate increases, the chemical unbalance 

is higher. Therefore, during the relaxation, a higher transferred fluid content is necessary to 
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reach the chemo-mechanical equilibrium of the tissue. That leads to the observable increase of 

the relaxation rate at the macro-scale (Figure 2.4.6). 

 

 

        
           (a)                                  (b) 

Figure 2.4.10. Lamellae and inter-lamellae zones in LP: (a) microscopy (section stained using 

safranin-O) and (b) DIC. 
 

Recall that the lamellae of AF are reinforced with oriented collagen fibers and are inter-spaced 

with a ground substance without collagen fibers between them. This feature is observable in the 

section observed through a binocular microscope in Figure 2.4.10a. Although the role of the 

inter-lamellae zone is not fully known (Pezowicz et al., 2006; Tavakoli et al., 2016), it is 

believed that it contributes to the fluid exchange. A LP transversal strain plot is given in Figure 

2.4.10b and shows that swelled zones are alternated with contracted zones.  

The swelling in FP and the tightening in LP suggest a transfer mechanism between the two 

plans during the relaxation. Lower local stresses in LP may explain the fluid transport towards 

this plan and the chemical stresses induce the partial return of a fluid content. Figure 2.4.11 

gives our interpretation in the form of a schematic view. Fluid flow out creates ionic imbalance 

and chemical stress. The mechanical strains/stresses are higher in FP and water flows out 

towards ground substance in which the stress state is lower. The tightening in FP due to flow 

out and the swelling in LP is observed due to this difference in local mechanical stresses. The 

difference in chemical state forces a part of fluid to come back to its equilibrium state and 

Ezz 
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apparent Poisson’s ratios to reach usual bounds. In equilibrium, the osmotic pressure is 

equilibrated by the mechanical state (Maroudas, 1976). 

 

 

 

Figure 2.4.11. Chemo-mechanical mechanisms in LP. 
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2.4.5. Partial conclusions 
 

This last part of the Chapter 2 is a first observation of the establishment of chemo-mechanical 

equilibrium via an optical strain measuring technique. The determination of the transversal 

response of AF allowed a better understanding of what the nature is able to do to optimize the 

IVD functionality by involving auxeticity, inelasticity and osmolarity effects. The time and 

chemical-dependency of the auxetic behavior in AF lamellae plan highlights the osmo-inelastic 

coupling. The chemo-mechanical equilibrium, altered by osmolarity and strain-rate, is a process 

involving local changes in fluid content until a balance between chemical and mechanical states.  

Further works are needed to validate this behavior to human AF especially in relation with 

aging and degeneration. Also, the experimental observations provided in this work stimulate 

the need to formulate an osmo-inelastic modeling of AF which would offer a clearer multi-scale 

understanding of the IVD function. This aspect constitutes an important issue treated in the next 

chapter. 
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Chapter 3: Constitutive 

modeling and simulation 
 

Part 1: A chemo-mechanical 

constitutive model for osmo-inelastic 

effects in the annulus fibrosus5 
 

 
Abstract 

The annulus fibrosus (AF) exhibits complex osmo-inelastic effects responsible for unusual transversal behavior 

with a Poisson’s ratio higher than 0.5 in fibers plan and negative in lamellae plan. In this part of the Chapter 3, we 

present a new chemo-mechanical approach for the prediction of the AF intrinsic osmo-inelastic response in relation 

with the microstructure of the layered reinforced soft tissue, the biochemical environment and the mechanical 

loading conditions. The constitutive model introduces the coupling between the deformation-induced inelastic 

stress in the tangled extracellular matrix and the stress-free swelling due to internal fluid content variation by 

osmosis. The proposed formulation is implemented into a finite element code and numerical simulations on AF 

specimens, including explicitly lamellae and interlamellar zones, are presented to illustrate the capability of the 

approach. The simulated results compared favorably with experimental observations, in terms of stress-stretch 

curve and transversal behavior with variation in osmolarity and strain-rate conditions, obtained by monitoring the 

full-field strain in AF specimens using digital image correlation method. The stress/strain patterns in the AF model 

simulation provide valuable insights about the role of the interlamellar zone in the osmo-inelastic mechanisms. 

Keywords: Annulus fibrosus; Constitutive modeling; Osmo-inelastic coupling; Transversal behavior; Finite 

element analysis. 

 

                                                             
 

5 This Part of this chapter is based on the following paper: Amil Derrouiche, Fahmi Zaïri, Fahed Zaïri, A chemo-
mechanical constitutive model for osmo-inelastic effects in the annulus fibrosus, submitted. 
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3.1.1. Partial introduction  
 

The response of the annulus fibrosus (AF) presents a set of complex history-dependent effects 

related to its microstructure and local fluid exchange. The AF is constituted by proteoglycans 

(PGs) macromolecules and regularly-oriented collagen fibers (Inoue and Takeda, 1975; Eyre, 

1979; Guerin and Elliott, 2006), immerged in a physiological solution of water and ions 

(Maroudas, 1976; Drost et al., 1995; Schmidt et al., 2016). It is generally described as an 

anisotropic fiber-reinforced deformable solid, the collagen network ensuring the mechanical 

resistance. Radial and circumferential variations in content and orientation of collagen fibers 

imply a regional variation in tissue mechanical response (Skaggs et al., 1994; Ebara et al., 1996; 

Holzapfel et al., 2005; Michalek et al., 2009). The chemo-mechanical constitutive response of 

soft tissues is intrinsically linked to the osmolarity. The osmotic effect, coming from negatively 

charged extracellular matrix (ECM), induces modifications in PGs macromolecules 

organization resulting in modifications in the AF mechanical response. In addition, the 

modulation of the PGs density induces an evolution of the osmotic effect. A  strong coupling 

exists therefore between chemical and mechanical features.  

Over the years, various constitutive models were proposed to relate the microstructure to the 

nonlinear macro-response in which fiber content and orientation are explicitly taken into 

account. The soft tissue is considered either as a purely elastic medium (Shirazi-Adl et al. 1986; 

Weiss et al., 1996; Eberlein et al., 2004; Wagner and Lotz, 2004; Guo et al., 2006; Peng et al., 

2006) or a viscoelastic medium (Wang et al., 1997; Holzapfel et al., 2000). Alternatively, to 

consider the interstitial fluid, other authors proposed constitutive models based on a fluid-solid 

representation of the soft tissue, i.e. a porous medium including an interstitial fluid (Mow et al., 

1980; Simon et al., 1985; Argoubi and Shirazi-Adl, 1996; Iatridis et al., 1998; Ayotte et al., 

2000; Klisch and Lotz, 2000). The chemo-mechanical coupling was incorporated by adding the 
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ionic population as a supplementary phase in a fluid-solid representation (Lanir, 1987; Lai et 

al., 1991; Frijns et al. 1997; Ehlers et al., 2008). By distinguishing anions and cations, the effects 

of fixed and mobile charges were also taken into account (Gu et al., 1998; Iatridis et al., 2003; 

Galbusera et al., 2011). 

There is a considerable qualitative understanding of the chemical factors that govern the 

response of soft tissues. However, the coupling between osmotic effects and inelastic effects is 

far to be fully understood yet in AF (Emanuel et al., 2018; Vergroesen et al., 2018). The osmo-

inelastic coupling in AF involves very complex muti-scale phenomena. At the micro-scale, the 

PGs macromolecules rearrangement induces inelastic effects and are strongly affected by the 

variation of fluid content by osmotic effect. Establishing predictive models for the osmo-

inelastic response of AF remain a challenging task. At a higher scale, the concentric lamellar 

structure has a complex organization in which the zone between fiber reinforced lamellae 

(interlamellar zone) plays an important role in the IVD biomechanics (Pezowicz et al., 2006; 

Yu et al., 2005, 2007; Schollum et al., 2009). A literature survey shows that there exists very 

few contributions dealing with the constitutive modeling of IVD biomechanics taking into 

account the interlamellar interactions in spite of their significance (Guerin and Elliott, 2007; 

Nerurkar et al., 2011; Labus et al., 2014; Adam et al., 2015). A rigorous modeling of the time-

dependent behavior requires to take into account the effects of the biochemical environment 

and the actual microstructure of the reinforced soft tissue at different scales. 

The aim of this part of the Chapter 3 is to provide a quantitative prediction of the osmo-inelastic 

coupling in AF in relation with heterogeneous and anisotropic features. The proposed chemo-

mechanical constitutive model is a new approach in the description of the soft tissue able to 

reproduce the osmo-induced volumetric changes in relation with microstructure, biochemical 

environment and inelastic effects in terms of strain-rate dependency and hysteresis. The present 
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formulation is implemented into a finite element program and numerical simulations on AF 

specimens, including explicitly lamellae and interlamellar zones, are conducted using the 

implemented constitutive model. The validity of our approach is examined by comparing the 

numerical simulations with experimental observations, in terms of macro-stress and transversal 

response, obtained using full-field strain measurements by digital image correlation (DIC) 

method. The comparison with experiments is performed for different saline concentrations and 

strain-rates. The simulation model is then used to appreciate the local fields in the aim to bring 

a better understanding of the interlamellar zone role in the IVD working, in relation with the 

biochemical environment and the mechanical loading conditions. 

Section 2 presents the main elements of the model formulation. Section 3 is devoted to the 

numerical application using the implemented model and the comparison with experimental 

observations. Concluding remarks are finally given in Section 4. 

 

3.1.2. Model formulation 
 

The following notation is used throughout the text. Tensors and vectors are denoted by normal 

boldfaced letters and italicized boldfaced letters, respectively, while scalars and individual 

components of vectors and tensors are denoted by normal italicized letters. The superposed dot 

designates the time derivative. 

 

3.1.2.1. Constitutive equations 
 

The AF is constituted by negatively charged ECM, superimposed collagen fibers and mobile 

charges as illustrated in Figure 3.1.1. ECM consists of randomly distributed PGs molecules. 

These molecules are very large with glycosaminoglycan chains that have ionic imbalances. This 

particularity is common for soft tissues and gives chemical properties. These negative charges 

are fixed within ECM and attract mobile cations dissolved in the surrounding physiological 
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fluid to maintain electroneutrality by osmotic effect. The latter interactions are primarily 

responsible for the chemo-mechanical coupling, that is essential for understanding IVD 

functionality. ECM and collagen fibers are supposed to participate to deformation via the Taylor 

assumption, i.e. they act in parallel. In the present model, the origin of the history-dependent 

phenomena at the macro-scale are attributed to the PGs rearrangement and to the osmo-induced 

volumetric changes. 

 

 
Figure 3.1.1. Decomposition of AF into negatively charged PGs macromolecules, 

superimposed collagen fibers and mobile charges. The reaction of PGs with mobile charges of 

physiological fluid results in the osmo-induced volumetric changes. 

  

 

3.1.2.1.1. Kinematics 

According to continuum mechanics, the deformation gradient is defined as: X F φ , 

 ,tx φ X  being the position vector in the current configuration   and X  the position vector 

in the reference configuration 
0  of a given material point. The concept of the deformation 
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gradient decomposition (Lee, 1969; Holzapfel and Simo, 1996) is used to consider the chemical 

dilatation effects and the inelastic effects. It is based on a conceptual sequence of configurations 

as illustrated in Figure 3.1.2 in which we consider two intermediate configurations: the 

chemical stress-free configuration 
chem  and the relaxed configuration 

relax . 

The chemo-mechanical response can be described as the multiplicative decomposition of the 

deformation gradient F  into a chemical part 
chemF  and a mechanical part 

mechF : 

 chem mechF F F  (1) 

in which chemF
 
is the stress-free swelling due to internal fluid content variation and mechF  is the 

deformation-induced stress.  

The mechanical deformation is assumed isochoric, i.e. the determinant mechJ  of the mechanical 

deformation gradient tensor mechF
 
is: 

  det 1mech mechJ  F  (2) 

The chemical part chemF
 
is expressed by: 

 
1 3

chem chemJF I  (3) 

where I  is the unit tensor and  det 0chem chemJ  F  denotes the determinant of the chemical 

deformation gradient tensor chemF . The mechanical incompressibility imposes that 

 det chemJF . 

The mechanical deformation gradient mechF
 
is multiplicatively decomposed into an elastic part 

Fe  
and an inelastic (viscous) part Fv  

as: 

 mech e vF F F  (4) 
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Figure 3.1.2. Multiplicative decomposition of the deformation gradient. 

 

The gradient tensor x L v
 
of the spatial velocity t  v   can be decomposedinto a 

chemical part chemL  and a mechanical part mechL  in an additive manner as: 

 1 1 1

mech chem

mech mech mech chem chem mech

   

L L

L F F F F F F  (5) 

in which the chemical velocity gradient tensor chemL  is given by: 

 
3

chem
chem

chem

J

J
L I  (6) 

The mechanical velocity gradient tensor mechL
 
can be further decomposed into an elastic part 

eL
 
and an inelastic part vL  as: 

Reference 
configuration 

F  

mechF  

eF  

vF  

Chemical stress-free  
configuration 

Relaxed 
configuration 

0  

chem  

relax  

  

Current 
configuration 

chemF  
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 1 1 1

e v

mech e e e v v e

   

L L

L F F F F F F  (7) 

The inelastic velocity gradient tensor vL  consists of a symmetric inelastic rate tensor vD  and 

an antisymmetric inelastic spin tensor vW : 

    

v

T T

v v v v

1 1

2 2

v

v    

D W

L L L L L  (8) 

in which the superscript T indicates the transpose quantity.  

A common assumption is to consider, with no loss in generality, the irrotationality of the 

inelastic flow (Gurtin and Anand, 2005). The inelastic spin rate vW  drops out and v vL D . 

The above equations for the kinematics are general and the constitutive equations for the PGs 

macromolecules and the collagen fibers will define the specificity of the chemo-mechanical 

approach for the prediction of the AF intrinsic response. 

 

3.1.2.1.2. Osmo-inelastic effects 

The PGs macromolecules may be described by hyperelastic laws derived from free energy 

functions. In the present approach, the free energy function PGs  of PGs is additively split into 

a mechanical (isochoric) part mech  and a chemical (volumetric) part chem : 

 PGs mech chem     (9) 

A purely elastic contribution e
 
and an inelastic contribution v  interact to represent the 

viscoelasticity of PGs macromolecular network. These two contributions are added to form the 

mechanical part mech : 

 mech e v     (10) 

The Gent strain energy function is used to represent the purely elastic part 
e  (Gent, 1996): 
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 1lim 1

1lim

3
ln 1

2

e
e

I I

I




 
   

 
 (11) 

where   is the shear modulus, 1limI  is a parameter related to the limiting extensibility of PGs 

macromolecular network and 
1 tracee eI  B

 
is the elastic first stretch invariant, T

e e eB F F  being 

the elastic left Cauchy-Green strain tensor.  

The inelastic contribution v
 
is given by a Neo-Hookean formulation: 

  1 3v v vC I    (12) 

where vC  is a parameter and 1 tracev vI  B  is the inelastic first stretch invariant, T

v v vB F F  being 

the inelastic left Cauchy-Green strain tensor. 

The chemical part chem  is associated with the osmo-induced volumetric changes (Miehe, 

1995): 

  21
1 2ln

4
chem chem chemk J J     (13) 

in which k  is the bulk modulus. 

The chemo-mechanical equilibrium is reached when a balance exists between the external 

mechanical loading and the volumetric tissue deformation induced by the internal fluid content. 

A chemical disorder is expected under a mechanical stress due to internal fluid content 

variation, which in turn induces a variation in the mechanical response. In that sense, a strong 

chemo-mechanical coupling exists. We propose to express the determinant chemJ  as a function 

of the internal fluid content: 

     
3 2

2
ref m schem f f f extJ n n n f c    (14) 
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where   is a parameter, 
reffn  is the reference fluid content in the saturated tissue, 

sf
n  is the 

fluid content during the swelling, 
mf

n  is the fluid content during the mechanical loading and 

 extf c  is a function of the external ionic concentration extc : 

    1 2 3expext extf c s s s c    (15) 

in which 1s , 2s  and 3s  are parameters. 

The following equations are proposed for the evolution of the internal fluid content during the 

swelling
sf

n and during the mechanical loading 
mf

n : 

 1 s

s

ref

f

f s

f

n
n

n

 
  
 
   

and 

lim

1 m

m

f

f m

f

n
n

n


 
  

 
 

 (16) 

in which s  and m  are parameters, and 
limfn is the limiting fluid content taken equal to 0.99. 

The external ionic concentration extc  is always in equilibrium and is given by: 

 

lim

mf

ext sol

f

n
c c

n
  (17) 

where solc  is the ionic concentration of the surrounding biochemical environment. 

As an expression of chemo-mechanical interactions the fixed charged density Fc of PGs 

macromolecules depends on the volumetric tissue deformation chemJ  and is expressed as (Lanir, 

1987; Schroeder et al., 2007): 

 
1

ref ref

ref

f F

F

f chem

n c
c

n J


 
 (18) 

in which 
refFc  is the reference fixed charged density in the saturated tissue. 

The chemical equilibrium is assumed to be instantaneous with the surrounding biochemical 

environment. The electro-neutrality in the tissue is supposed to be always maintained between 
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mobile ions, c
and c

, and fixed charges Fc : 
Fc c c   . The chemo-mechanical coupling 

induced by the fluid flow is created by differences between internal osmotic pressure 

 int int RT c c      and external osmotic pressure   2ext ext ext ext ext extRT c c RTc       in the 

condition of saturated tissue, in which int  and ext  are osmotic coefficients, R  is the universal 

gas constant and T  is the absolute temperature.  

The concentrations of mobile cations and anions, c and c , are (Huyghe and Janssen, 1997): 

 

 

 

2

2 2

2
4

2

ext

F F ext

int

c c c

c











  

  (19) 

where
int   and 

ext   are the activity coefficients. 

Finally, the osmotic pressure in equilibrium becomes (Schroeder et al., 2007): 

 
 

 

2

2 2

2
4 2

ext

int F ext ext ext

int

RT c c RTc


  






 
    
 
 
 

 (20) 

The bulk modulus k in Eq. (13) may be evaluated from the osmotic pressure: 

  1chemk J    (21) 

The mechanical-based Cauchy stress mech e v     and the chemical-based Cauchy stress 

chem are obtained from the differentiation of the free energy functions with respect to the 

corresponding deformations: 

 2 Te
e mech mech

mech





F F

C
 , 2 Tv

v e e

e





F F

C
 and chem

chem

chemJ





I  (22) 

in which T

mech mech mechC F F  and T

e e eC F F  are the mechanical and elastic right Cauchy-Green 

strain tensors. 
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The terms e  and v  are two traceless tensors, i.e.    trace trace 0e v   , due to 

mechanical incompressibility and chem p I with the hydrostatic pressure  trace 3p   . 

The evolution law for the inelastic rate tensor, used to compute the inelastic part of the 

deformation gradient, has the following form: 

 
2

v
v v

v





D


 (23) 

in which v  is the accumulated inelastic strain rate and v  is the effective inelastic shear stress 

defined, respectively, as: 

  tracev v v  D D and  
1

trace
2

v v v      (24) 

the term  1 3tracev v v
   I   being the deviatoric part of the inelastic Cauchy stress tensor 

v .  

The accumulated inelastic strain rate takes the form of the Bergstrom-Boyce power law 

(Bergstrom and Boyce, 1998): 

 

 1

1

3 1
v vm

v

d
I

 


 (25) 

where d  and m are parameters governing the rate of relaxation needed to reach the mechanical 

equilibrium state. 

Numerical stability of Eq. (25) due to singularity at the beginning of the loading process is 

ensured by adding a perturbation coefficient   to 1 3vI   ( =0.01 is taken throughout our 

simulations).  
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3.1.2.1.3. Collagen fibers contribution 

The AF has a layered structure with an increase in collagen fiber content from inner to outer 

parts of IVD, and change in collagen fiber orientation from dorsal to ventral parts (Inoue and 

Takeda, 1975; Eyre, 1979; Guerin and Elliott, 2006). The theory of fiber-reinforced composites 

may be used to relate the AF microstructure to the mechanical behavior (Holzapfel et al., 2000). 

The free energy function 
f  of collagen fibers is given by (Cantournet et al., 2007): 

      
2 2 22

2 2

1 2 11 1 2 ln x y z

f f f I II IIIA A A           (26) 

where 1A  and 2A  are parameters, I , II  and III  are the stretches along the principal axes of 

collagen fibers: 

 
1 1I  Ce e , 

2 2II  Ce e  and 
3 3III  Ce e  (27) 

 

 

Figure 3.1.3. Layered structure of IVD and orientation of collagen fibers in the AF specimen. 

 

and f  represents the stretch of collagen fibers according to the direction given by the unit 

vector a  represented in Figure 3.1.3: 

 f  Ca a , 1 2 3x y z  a e e e  (28) 
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According to the decomposition of AF in Figure 3.1.1, the ECM and the collagen fibers are 

assumed to occur concurrently and without interaction.Also, the interfaces are assumed perfect 

and the inter-fiber interactions are not considered. The total free energy function of AF is 

determined using the rule of mixture: 

  1 f PGs f fv v      (29) 

where
fv  is the collagen fiber content. 

The chemo-mechanical constitutive model, described in the previous section, has been 

implemented into the finite element code MSC.Marc to simulate the osmo-inelastic effects in 

AF. This subroutine allows definition of the strain energy function (MSC.Marc, 2015) taking 

into account the material compressibility behavior. The main calculation steps are summarized 

in the flowchart of Figure 3.1.4. 

 

Figure 3.1.4. Flowchart of the chemo-mechanical algorithm. 
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3.1.3. Finite element computations and comparison with experiments 
 

To verify our approach, tests on AF specimens were simulated using the implemented 

constitutive model and compared to experimental observations.  

 

3.1.3.1. Experimental database 
 

3.1.3.1.1. Materials and methods 

Experimentally, rectangular circumferentially-oriented specimens with a regular cross-section 

of approximately 25 × 10 × 10 mm3 were extracted from the ventro-lateral region (Figure 3) of 

bovine AF within two days after animal death. The AF specimens, stored at 4°C at maximum 

two days, were glued to aluminum plates using cyanoacrylate and then mounted on the testing 

machine (electro-pulse Instron-5500). 

An accurate optical strain measuring technique, based upon DIC, was used to in-situ determine 

the full-field strain both in the fibers plan (FP) and in the lamellae plan (LP) of the AF specimen. 

The efficiency of this optical full-field technique to characterize the transversal behavior of AF 

specimens in LP has been demonstrated, as far as we know, only by Baldit et al. (2013). This 

is a very attractive technique because of its accuracy and its spatial resolution performances for 

strain gradient measurement. Images of the AF specimen surface were recorded throughout the 

test at regular intervals (acquisition rate of 3 Hz) via an Imager E-lite CCD camera and digitized 

in 1628 × 1236 pixels, with a resolution of 290 pixels/mm. Figure 5 shows the configuration of 

the AF specimen for strain measurements. The lens axis of the CCD camera of DIC system is 

kept perpendicular to the FP of the AF specimen, i.e. plan xy. The CCD camera simultaneously 

records the LP of the AF specimen using a right angle prism, i.e. plan xz. The DIC calculations, 

performed using Davis software developed by Lavision, consist to correlate the gray levels of 

each deformed image to the gray levels of the reference image. A random speckle pattern was 
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applied to two plans of the AF specimen with airbrush filled with India ink in order to get 

randomized gray levels distributions. The speckle diameter was as uniform and small as 

possible to ensure a good spatial resolution. The zone of interest (ZOI) was divided into small 

square subsets of size 48×18 pixels in which the axial and transversal in-plane displacement 

vectors were calculated. The full-field data were then processed to obtain the (average) axial 

and transversal strain history in the ZOI. Two different tests6 were carried out at room 

temperature while the specimen is constantly immerged in a saline solution with various 

concentrations solc : 

 Free swelling response: The AF specimen is griped on the testing machine at one side 

while keeping the other one free. The temporal changes in the local axial stretch, xx , 

and the local transversal stretches, 
yy  and zz , were recorded during the swelling of 

the AF specimen. Once the local stretches known, the local volume variation was then 

determined from the following expression: 
0 xx yy zzV V    . 

 Stress-stretch and transversal responses: Loading-unloading tensile tests were 

performed to characterize both the evolution in stress and the evolution in transversal 

strains. The AF specimen was stretched up to a prescribed stretch and unloaded, the 

loading and unloading paths being performed at the same absolute axial strain-rate. The 

two experimental parameters, load F  and local transversal stretches, acquired in real 

time were used to evaluate the axial macro-stress xx at the specimen scale: 

 0xx yy zzF S    in which 0S  is the initial cross-section. In order to re-establish 

                                                             
 

6 The errors bars were calculated on the axial stress and the strains. Standard deviation of 6.83% on the axial stress 

was estimated at a 95% confidence on fifteen AF specimens loaded in tension. A root mean square error of 9.7% 

from the correlation process was estimated on the strains by imposing a rigid body move to AF specimens, griped 

at one side and free at the other one.  
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hydration of the AF specimen, it was immerged in a 9 g/L saline solution during 100 

minutes before testing (Costi et al., 2002). 

 

3.1.3.1.2. Experimental observations 

Prior to the comparison of the model simulations with the experimental data, a brief description 

of experimental observations is provided to address the influence of osmolarity and strain-rate.  

Figure 3.1.5 presents the free swelling response of the AF specimen. Due to a period of storage 

of the AF specimen in a low humidity chamber in abattoir, the fluid content begins to increase 

until a stabilized state in which chemical and mechanical contributions on the internal stresses 

are equilibrated.  

 

 
(a)                                                                  (b) 

 
                                         (c)                                                                  (d) 

Figure 3.1.5. Free swelling response for different saline concentrations: (a) 0 g/L, (b) 9 g/L, 

(c) 36 g/L (1: xx , 2: zz , 3: yy ), (d) comparison with simulation results (solid line). 
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The free swelling response is found anisotropic. Since the chemo-mechanical equilibrium 

depends on the mobile ions in solution, the volume variation is affected by the osmolarity but 

not the time needed to reach the equilibrium state. The swelling decrease with the increase in 

osmolarity is due to a decrease in water exchange. 

Figure 3.1.6 presents the stress-stretch response in which a strong osmo-inelastic dependency 

is evidenced. The experimental data are presented as dashed lines and symbols with standard 

deviation error bars in both axes. The AF stiffness is strongly altered by the strain-rate but also 

by the osmolarity illustrating structural changes. The dissipative capability of the AF tissue is 

characterized by the stress difference between loading and unloading paths.  

 

 
                                         (a)                                                                 (b) 

Figure 3.1.6. Experimental (dashed line) and simulated (solid line) loading-unloading stress-

stretch response for different saline concentrations (1: 18 g/L, 2: 9 g/L, 3: 0 g/L) and strain-

rates: (a) 2×10-3 s-1, (b) 2×10-4 s-1. 

 

Figure 3.1.7 provides the transversal strain history obtained by averaging the local transversal 

strains in FP and in LP. The experimental data are presented as symbols with standard deviation 

error zones. These results illustrate the strong anisotropic behavior of the AF tissue. An 

important shrinking is found in FP without dependence on osmolarity. A swelling response (i.e. 

auxetic) is observed in LP with a strong dependence on osmolarity and strain-rate. These 

inverse behaviors suggest a fluid exchange from FP towards LP during the mechanical loading.  
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(a)                                                                      (b) 

 
(c)                                                                      (d) 

 
(e)                                                                      (f) 

Figure 3.1.7. Experimental (symbols) and simulated (solid line) axial and transversal strains 

(1: xxE , 2: zzE , 3: yyE ) for different saline concentrations and strain-rates: (a) 0 g/L and 2×10-

3 s-1, (b) 0 g/L and 2×10-4 s-1, (c) 9 g/L and 2×10-3 s-1, (d) 9 g/L and 2×10-4 s-1, (e) 18 g/L and 

2×10-3 s-1, (f) 18 g/L and 2×10-4 s-1. 
 

We shall now compare the proposed constitutive model with these experimental observations. 

 

3.1.3.2. Simulations and parameter identification 
 

The numerical analysis of the AF specimen was carried out under three-dimensional conditions 

using the finite element method. The model simulation includes fiber reinforced lamella zones 

separated by interlamellar zones. Figure 3.1.8 shows the three-dimensional finite element mesh 
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of the AF specimen using 8-node meshing elements, isoparametric and arbitrarily hexahedrics. 

Due to the symmetry, only a representative volume of the AF specimen was modeled. The same 

boundary conditions regarding the experimental tests were simulated.  

 

 

 

 

 

 

 

 

 

 

Figure 3.1.8. AF specimen and boundary conditions. 
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The constitutive model includes the following input constants: 

 Five parameters related to the PGs macromolecules:  , 1limI , vC , d and m  

 Two parameters related to the collagen fibers: 1A  and 2A  

 Eight parameters related to the osmo-induced volumetric contribution:
reffn , m , s , 1s

, 2s , 3s , k  and  . 

Taking the orientation and content in collagen fibers,  = 67° and 
fv =0.05, in the lamellae, the 

parameters were the outcome of a standard optimization procedure that provides the best fit of 

the experimental macro-response and transversal response by means of trial and error. Unless 

explicitly stated, the following parameter values are used in the lamellae and the interlamellar 

zones:  

 PGs macromolecules: 

 
25.2 0.78 0.23 MPasol solc c     

 1lim 3I   

 
0.52 MPa vC   

 
-1 -10.01 MPa sd   

 0.001m   

 Collagen fibers (lamella): 

 1 10 Pa MA   

 2 210 Pa MA   

 Osmo-induced volumetric contribution: 

 0.78
reffn   

 
-10.00  04 sm    (lamella)  

 
-10.00097 s m    (interlamellar zone) 

 
-10.00  05 ss    

 1 0.24s   

 2 0.74s   

 
-1

3  6949 mol l s    

 1000 Pa Mk   

 
 7623exp 0.068 0.26solc   (lamella) 

 
 8665exp 0.085 0.07solc   (interlamellar zone) 
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The quantitative comparisons between the model simulations and the measured experimental 

data are presented in Figures 3.1.5d, 3.1.6 and 3.1.7. 

The free swelling process is numerically replicated in Figure 5d. The water intakes in the AF 

specimen until the reference value 
reffn of 0.78. One can observe a very good agreement 

between measured and simulated results at different saline concentrations. This observation 

indicates that the constitutive model can accuratelycapturethe chemical response of AF. 

However, it may be recognized that the model is not able to reproduce the anisotropy of the 

free swelling shown in Figures 3.1.5a, 3.1.5b and 3.1.5c. 

The simulation results are compared in Figures 3.1.6 and 3.1.7 with the experimental data in 

terms of macro-response and transversal strain history. A global view at these results shows 

that the general trends provided by the computed results are satisfactory when compared with 

the experimental measurements. The osmolarity effect on the macro-response is fairly well 

reproduced whereas a saturation of the strain-rate effect is observed at the highest saline 

concentration.  

At the micro-scale, the tightening of the PGs macromolecules with osmolarity is described by 

the dependence of the shear modulus   with the concentration solc . At the stratified scale, the 

lamellae and the interlamellar zones in LP induce a strong anisotropy in the transversal behavior 

of the AF specimen. The latter was used to calculate the Poisson’s ratio xy  in FP and xz  in 

LP. This two-dimensional material property is defined as the ratio between the transversal strain 

in the corresponding plan and the axial strain. The results are reported in Table 3.1.1. The close 

agreement between computed results and test findingsvalidates the capability of our approach 

to predict the chemo-mechanical response of AF. 
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NaCl concentration (g/L) Strain-rate (s-1) 

Poisson’s ratio 

Experiments 

Poisson’s ratio 

Simulation 

νxy 

FP 

νxz 

LP 

νxy 

FP 

νxz 

LP 

0 2×10-3 0.887±0.19 -0.468±0.1 0.89 -0.43 

2×10-4 0.74±0.16 -0.574±0.12 0.88 -0.49 

9 2×10-3 0.92±0.2 -0.2±0.04 0.84 -0.14 

2×10-4 0.74±0.16 -0.387±0.08 0.81 -0.34 

18 
2×10-3 0.963±0.21 -0.146±0.03 1.00 -0.06 

2×10-4 0.811±0.17 -0.29±0.06 0.75 -0.25 
  

Table 3.1.1. Experimental and simulated Poisson's ratios for different saline concentrations 

and strain-rates. 

 

3.1.3.3. Numerical local fields  
 

The question, which arises, is how the local stresses/strains are distributed in the AF specimen. 

Figures 3.1.9, 3.1.10, 3.1.11 and 3.1.12 present the predicted distributions for different saline 

concentrations and strain-rates.  

 

 
                                         (a)                                                            (b) 

 
                                         (c)                                                             (d) 

 

Figure 3.1.9. Distribution of the transversal strain 
yyE in the AF specimen for different saline 

concentrations and strain-rates: (a) 0 g/L and 2×10-3 s-1, (b) 0 g/L and 2×10-4 s-1, (c) 18 g/L 

and 2×10-3 s-1, (d) 18 g/L and 2×10-4 s-1. 
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The local transversal strain yyE  in Figure 9 exhibits a strong dependence on the osmolarity and 

a strain-rate effect mainly under the hyper-osmotic condition. The strain field becomes 

heterogeneous with the osmolarity and the local values increase with the time (i.e. a decrease 

in strain-rate). The observed shrinkage is explained by the level of strains observed in FP.  

The transversal strain zzE  in Figure 3.1.10 is moderately affected by the time and the 

osmolarity. The averaged swelling observed by DIC in LP is perceptible with alternate negative 

transversal strains in the lamellae and positive transversal strains in the interlamellar zones.  

 

 
                                       (a)                                                                  (b) 

 
                                       (c)                                                                  (d) 

 

Figure 3.1.10. Distribution of the transversal strain 
zzE in the AF specimen for different saline 

concentrations and strain-rates: (a) 0 g/L and 2×10-3 s-1, (b) 0 g/L and 2×10-4 s-1, (c) 18 g/L 

and 2×10-3 s-1, (d) 18 g/L and 2×10-4 s-1. 

 

In Figure 3.1.11, the osmo-inelastic effect on the local axial stress xx is obvious. However, the 

heterogeneity increases mostly with the osmolarity. Interesting negative values are found in the 
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interlamellar zones showing the effect of local swelling while the stress increases strongly in 

the lamellae.  

 

 
                                    (a)                                                                  (b) 

  
                                     (c)                                                                  (d) 

Figure 3.1.11. Distribution of the axial stress 
xx in the AF specimen for different saline 

concentrations and strain-rates: (a) 0 g/L and 2×10-3 s-1, (b) 0 g/L and 2×10-4 s-1, (c) 18 g/L 

and 2×10-3 s-1, (d) 18 g/L and 2×10-4 s-1. 

 

The increase in osmolarity induces a stronger contrast between lamellae and interlamellar 

zones, inducing a shear stress yx  in the interlamellar zones as illustrated in Figure 3.1.12. This 

component plays an important role in the AF failure (Costi et al., 2007). Direct measurements 

of stresses in the spine unit evidence that the shear stresses are higher than the perpendicular 

stresses. This behavior is also verified experimentally at the AF lamellae scale by optical 

tomographic elastography (Han et al., 2016). The measured shear strain is found higher in the 

interlamellar zones than in the lamellae, which confirms that this region may be more 

susceptible to damage. The layered structure of the AF enhances the chemo-mechanical 
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coupling by improving the internal fluid exchange, but this configuration induces heterogeneity 

of strain field at all levels of scale. 

 

 

                                         (a)                                                           (b) 

 
                                         (c)                                                             (d) 

Figure 3.1.12. Distribution of the shear stress 
yz in the AF specimen for different saline 

concentrations and strain-rates: (a) 0 g/L and 2×10-3 s-1, (b) 0 g/L and 2×10-4 s-1, (c) 18 g/L 

and 2×10-3 s-1, (d) 18 g/L and 2×10-4 s-1. 
 

3.1.4. Partial conclusions 
 

A chemo-mechanical approach was adopted for the osmo-inelastic prediction of AF response 

in connection to the microstructure. A fairly good agreement was obtained between the model 

results and the experimental data in terms of stress-stretch and transversal behaviors of AF 

specimens locally determined by DIC method. The constitutive model, implemented into a 

finite element code, provides a useful tool for stress/strain patterns estimate in AF. The 

capability of the model to simulate the transversal strain fields on AF specimens, especially the 

auxeticity, was shown. 
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Although uniaxial tensile deformation provides important indications concerning the osmo-

inelastic mechanisms, it would be also interesting to consider the time-dependent transversal 

response under relaxation loading. It remains an important issue for further studies. 
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Chapter 3: Constitutive 

modeling and simulation 
 

Part 2: A finite element model for 

time-dependent biomechanics of the 

intervertebral disc7 
 

 
Abstract 

A finite element model for time-dependent biomechanics of the spine unit was developed in which the natural 

regional variation in structure and properties of the real intervertebral disc (IVD) was taken into account. The 

different IVD sub-regions were described by the chemo-inelastic constitutive equations coupled to solutes 

diffusion equations. In-vitro experimental tests were reproduced in-silico in order to verify the ability of the finite 

element model to reproduce the nonlinear motion patterns of a real spine segment. The time-dependent response 

of the healthy IVD is discussed with respect to the heterogeneous mechanics and solutes patterns within the 

simulation model.  

Keywords: Intervertebral disc; Time-dependent response; Nutrients supply; Finite element analysis. 

 

                                                             
 

7 This Part of this chapter is based on the following paper: Amil Derrouiche, Fahmi Zaïri, Fahed Zaïri, A finite 
element model for time-dependent biomechanics of the intervertebral disc, in preparation. 
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3.2.1. Partial introduction 
 

The non-fatal diseases grow with the reducing mortality, which concerns an increasing part of 

the population and leads to new health policies (Vos et al., 2016). There is a correlation between 

the lifestyle in developed countries and the pain location with high prevalence for the back pain 

(Breivik et al., 2006; Skoffer and Foldspang, 2008; Vos et al., 2016). The intervertebral disc 

(IVD) is often concerned especially when the pain becomes chronic and severe. However, a 

better understanding of the IVD diseases requires an explanation of the healthy working in 

relation with the time-dependency. 

The IVD becomes thinner during the day while its height is restored during the night (de Puky, 

1935). This soft tissue exhibits a complex time-dependent mechanical response dependent on 

lifestyle and age, and presents a degeneration process even in normal conditions (Campana et 

al., 2011). Multiple plausible explanations have been proposed to explain the origin of the 

different history-dependent effects: the recovering property of the soft tissue at middle-term 

and the degeneration at long-term. Internal micro-alteration could cause mechanical response 

degradation (Natarajan et al., 2007). During the degeneration process of the soft tissue, a loss 

of proteoglycans (PGs) macromolecules, and thus of fixed charge density, is observed, implying 

lesser swelling pressure and thus bad nutrient transport (Lyons et al., 1981; Urban and Holm, 

1986; Antoniou et al., 1996). Although cells nutrition and degeneration are not directly linked, 

the process is a vicious circle since a change in composition, induced by bad nutrient transport 

or high stresses, imply IVD degeneration. The PGs extracellular matrix (ECM) contains an 

interstitial fluid allowing the nutrition of cells by diffusion to vessels near IVD (Urban et al., 

1979; Lai et al., 1991; Gu et al., 1993; Urban et al., 2004). The fixed charge density of ECM 

contributes to hydration and nutrition of the tissue. Oxygen and glucose are the main nutrients 

of IVD cells and lactic acid is the main waste that leads to a pH decrease in ECM if it is not 
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sufficiently evacuated (Horner and Urban, 2001; Urban et al., 2004; Grunhagen et al., 2006; 

Neidlinger-Wilke et al., 2012; Wills et al., 2016). A good chemical balance with usual pH is 

strongly dependent on good interstitial fluid diffusion (Urban et al., 2004). 

In the aim to better understand the time-dependent behavior of IVD in relation with the above 

biological effects, the chemo-inelastic equations are coupled to solutes diffusion equations. An 

accurate three-dimensional finite element model of the human cervical spine is developed using 

computerized tomography (CT) images. The constitutive modeling of each spinal component 

is identified using intrinsic experimental data. Numerical simulations are performed in order to 

predict the biomechanical response under physiological movements and to check the ability of 

the finite element model to provide a realistic response of the cervical spine segment. The 

heterogeneous mechanics and solutes patterns in healthy IVD are then analyzed using the 

developed finite element model.  

Section 2 gives the details of the finite element computations. Section 3 presents and discusses 

the numerical results. Finally, some concluding remarks are given in Section 4.   

 

3.2.2. Finite element computations 
 

3.2.2.1. Model and boundary conditions 
 

An anatomically accurate finite element model of the functional spine unit was constructed in 

the aim to predict its biomechanical response and the local fields in the soft tissues under 

complex quasi-static loading conditions.  

The three-dimensional model of a human C5-C6 cervical spine was constructed using CT data. 

The reconstruction procedure of a vertebra using CT images is given in Figure 3.2.1. The three-

dimensional visualization was created from CT images using the 3DSlicer software. Each 

vertebra is then isolated and exported into Catia V5 while preserving the original positions. 
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After some corrections and smoothing operations, the finite element mesh was performed using 

Abaqus. According to their stiffness compared to soft tissues, the vertebrae were treated as stiff 

solids and were meshed using triangular surface elements. The IVD, created by extruding the 

surfaces of above and below vertebrae, was meshed using tetrahedral elements.  

 

 

Figure 3.2.1. Reconstruction procedure of vertebrae. 
 

The main ligaments were considered: anterior longitudinal ligament (ALL), posterior 

longitudinal ligament (PLL), ligamentum flavum (LF), interspinous ligament (ISL) and 
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capsulary ligament (CL). The location of each ligament was determined according to qualitative 

anatomical descriptions. Since they are loading only in tension, the ligaments were meshed 

using truss elements. The vertebrae, the IVD and the ligaments were assembled into the finite 

element code MSC.Marc in order to obtain the finite element model shown in Figure 3.2.2. The 

different spinal components were assumed strongly joined. 

 

 

Figure 3.2.2. Mesh and boundary conditions of the spine unit model. 

 

During the finite element simulations, a vertical axial load of 73.6 N was applied on the superior 

surface of the C5 vertebral body to simulate the weight of the skull and upper segments, and 

the inferior surface of the C6 vertebral body was constrained. Different neck movements, 

namely, flexion-extension, lateral bending and axial rotation movements were simulated. 

 

3.2.2.2. Constitutive equations of soft tissues 
 

The regional variation in structure and properties of the IVD was taken into account in the aim 

to propose the most realistic representation of the natural IVD. The IVD core, i.e. nucleus 

pulposus (NP), and its shell, i.e. AF, were explicitly modeled as shown in Figure 3 based upon 
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qualitative anatomical data. The distinct AF sub-regions were taken into account: ventro-outer 

(VO), ventro-inner (VI), dorso-outer (DO) and dorso-inner (DI). The soft tissues were 

represented using the constitutive model developed in the previous part. Note that the NP was 

considered as a PGs ECM without organized collagen fibers.  

 

Figure 3.2.3. Mesh of the IVD with different sub-regions. 
 

The inputs, related to structural and mechanical parameters of IVD sub-regions, and required 

by the constitutive modeling are listed in Table 3.2.1. The model parameters were identified 

using published experiments on human AF sub-regions loaded in tension (Holzapfel et al., 

2005) and human NP loaded in compression (Bertagnoli et al., 2005). The applied strain-rates 

were 9×10-4 s-1, 1.4×10-3 s-1, 1.5×10-3 s-1, 1.7×10-3 s-1 and 1.3×10-1 s-1 for VO, VI, DO, DI and 

NP, respectively.  

 

Parameters VO VI DO DI NP 

  (°) 67 67 42 42 0 

fv  0.125 0.06 0.125 0.06 0 

1A  (MPa) 150 15 3 1 0 

2A  (MPa) 2500 1 250 4 0 

  (MPa) 0.36 0.24 

1limI  3.17 3.69 

vC  (MPa) 0.85 

d  (MPa-1s-1) 15.25 

m  4.0 

k (MPa) 10 
 

Table 3.2.1. Structural and material parameters of the IVD sub-regions. 
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The model results in terms of stress-strain curves are presented in Figure 3.2.4 by comparison 

to the experimental data. The experimental data are presented as dashed lines while the solid 

lines represent the model results. The correlation of the model with the experimental data can 

be considered as acceptable. The ligaments were considered as incompressible isotropic neo-

Hookean elastic media. The stiffness and the cross-section area of the ligaments, reported in 

Table 3.2.2, are taken from (Ha, 2006). 

 

 
(a) 

 
(b) 

Figure 3.2.4. Experimental (dashed lines) and simulated (continuous lines) stress-strain 

responses: (a) AF, (b) NP. 

 

 

 

Parameters ALL PLL LF ISL CL 

A  (mm2) 6.1 5.4 50.1 13.1 46.6 

C  (MPa) 9.08 3.33 0.25 0.25 0.25 
 

Table 3.2.2. Cross-section area and stiffness of the ligaments. 
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3.2.2.3. Nutrients supply 
 

Chondrocytes and fibroblasts are the two cell populations responsible for the production of PGs 

and collagen fibers, respectively (Bibby et al., 2001). The nutrients supply governs the cell 

population in IVD by providing source of energy, e.g. Oxygen and glucose, and evacuate the 

waste, e.g. lactate. This mechanism is based on diffusion via water exchange induced by 

mechanical loadings. Understanding the mechano-biological interactions could allow a better 

understanding of the degeneration process of our spine (Urban et al., 2004; Malandrino et al., 

2015; Wills et al., 2016). We propose to couple the constitutive model of IVD with diffusion 

equations to simulate the effect of the mechanical loading on the mechanism of nutrients supply. 

The spatially and time-dependent solutes repartition is given by the following transport 

equation: 

  (1) 

where  is  the solutes concentration,  is the solutes diffusion coefficient and  

is the solutes reaction. 

The considered solutes are oxygen, lactate and glucose, Eq. (1) may be re-written as: 

  (2) 

The solutes diffusion coefficient 
 
is dependent on the internal water content according to 

the following equation (Mackie and Meares, 1955): 

  (3) 

where  is the internal water content of the tissue and 
 
is the solutes diffusivity in water. 

In the present modeling, the chemo-mechanical equilibrium is considered instantaneously 

reached and the internal fluid exchange in AF is not considered. The water content variation  

2 solutes
solutes solutes solutes

t


  


D

C
C R

solutesC solutesD solutesR

2 2 2 20

2

0 0

0 0

0 0

O O O

lactate lactate lactate lactate

glucose glucose glucose glucose

C D C R

C D C R
t

C D C R

       
       

         

       
       

solutesD

2

2

f water

solutes solutes

f

n

n

 
    

D D

fn water

solutesD

fn



Chapter 3: Constitutive modeling and simulation  

Part 2: A finite element model for time-dependent biomechanics of the intervertebral disc 

 

 

156 

 

is assumed to be directly related to the volumetric tissue deformation induced by the mechanical 

loading. The solutes repartitions are calculated according to the flowchart given in Figure 3.2.5. 

 

 

Figure 3.2.5. Coupling between mechanics and nutrients supply. 

 

The oxygen cell consumption 
2OR , the lactate production lactateR  and the glucose cell 

consumption glucoseR  are, respectively, given by (Bibby et al., 2005): 

  (4) 

  (5) 

  (6) 

in which the changes in pH induced by the lactate concentration lactateC  is given by: 

  (7) 
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surfaces of IVD, and with = 9.5, = 1.0, = 5.6, = 5.8 kPa, = 0.9 

nmol/mL and = 5 nmol/mL at the external surfaces of IVD (Malandrino et al., 2015). 

 

3.2.3. Results and discussion 
 

3.2.3.1. Motion range 
 

In this sub-section, the ability of the proposed finite element model to capture the biomechanical 

behavior of the cervical spine unit is examined by comparing simulations to experimental 

results. Three physiological movements are studied, namely flexion-extension, lateral bending 

and axial rotation. All movements of our cervical spine are combinations of these basic ones. 

Experimental kinematics data are rather rare in the literature (Pelker et al., 1991; Maurel et al., 

1997; Goel and Clausen, 1998; Wheeldon et al., 2006). Goel and Clausen (1998) studied the 

in-vitro biomechanical response of the C5-C6 spine unit under the three physiological 

movements. Their experimental results are reported in Figure 6 as open symbols with standard 

deviation error bars. For a sake of comparison, other experimental data extracted from 

published in-vitro studies are added. The C5-C6 segment behavior in flexion-extension was 

studied by Pelker et al. (1991) and Wheeldon et al. (2006) until a 2 Nm maximal loading. 

Maurel et al. (1997) presented the C5-C6 segment twist response until a 1 Nm maximum 

loading. Differences in age, weight or lifestyle of donators explain the discrepancies of reported 

results. It is important to note that a notable difference exists between in-vivo and in-vitro 

studies. In vivo, the healthy IVD completely recovers its height and intradiscal pressure after 

long diurnal loading. In-vitro, several studies reported losses in the IVD height and intradiscal 

pressure. Indeed, blood clots near endplates may alter the fluid exudation (Schmidt et al., 2016).  

The simulation results are compared to the experimental data in Figure 6. The simulations were 

performed at a loading rate of 1° s-1. A global view at these plots shows that our model provides 
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an acceptable replicate of the nonlinear response for the different kinematics patterns. The 

flexion-extension and lateral bending predictions fall within the experimental standard 

deviation interval. The axial rotation prediction is comprised between the two sets of data. Note 

that the spine unit movement can be associated to a rotation of the total cervical spine (Anderst 

et al., 2015). The 3° angle applied on C5 in flexion-extension (Figures 3.2.5a and 3.2.5b) 

corresponds to 20° rotation of the total cervical spine. In lateral bending (Figure 3.2.5c), 1.5° 

applied on C5 is equivalent to 17° rotation of the total cervical spine. In axial rotation (Figure 

3.2.5d), 2° applied on C5 is equivalent to 40° rotation of the total cervical spine. Indeed, the 

C1-C3 part of the cervical spine is the main contributor for this movement. These ranges of 

motion are sufficiently low to avoid possible damage or preponderant response of ligaments.  

 

 

 

 
(a)                                                           (b) 

 
                                      (c)                                                           (d) 

Figure 3.2.6. Experimental (symbols) and simulated (solid line) response of the C5-C6 spine 

unit under different neck movements: (a) flexion, (b) extension, (c) lateral bending and (d) 

axial rotation. 

 

axial 

stress 
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The hysteretic response and the frequency dependency are two key features of the spine which 

can be taken into account by the model. These inelastic effects are essential for good working 

of the healthy IVD, too fast moves being responsible for trouble arrival. An illustrative example 

of these inelastic effects is given in Figure 3.2.7. The mechanical dissipation, depicted by the 

hysteresis loop area during the physiological movement,decreases when the strain rate 

increases.  

 

 

 

                                         (a)                                                                (b) 

Figure 3.2.7. Frequency and hysteretic effects: (a) compression, (b) flexion-extension. 

 

3.2.3.2. Local fields 
 

The developed finite element model can be used to predict the local fields within the IVD under 

complex biomechanical loading conditions. As an illustrative example, Figures 3.2.6 and 3.2.7 

give the local axial stress and viscous stretch fields, respectively, during physiological 

movements. The viscous stretch gives an indication of level and repartition of the local 

dissipation. The highest dissipation is located in the IVD outer part. The dissipation distribution 

is similar to the maximum shear strain repartition and may be related to the AF failure (Costi et 

al., 2007). 

viscous 
stretch 
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The solutes repartition inside the healthy IVD is examined under a specific mechanical loading 

case. Multiple relaxations under loading-unloading in compression are applied on the finite 

element model. The displacement, applied on the superior surface of the C5 vertebral body, was 

ramped to a value of 0.2 mm, maintained constant for a relaxation period, ramped down to zero 

and then maintained constant for another relaxation period. The same absolute displacement 

rate of 0.2 mm/h was imposed to the loading and unloading paths. At each relaxation period, 

the applied displacement was maintained constant during 10 h. The results in terms of load 

evolution and pH fields inside the IVD are reported in Figure 3.2.8. The pH is uniformly 

distributed inside the IVD at the first steps of the loading. Due to the lactate production during 

the mechanical loading, a center-to-surface gradient in pH is predicted. The latter reproduces 

the avascular nature of the tissue. The decrease in pH is found faster under the loaded state than 

under the unloaded state. The predicted pH values remain in the range of those of a healthy IVD 

(about 7.2), an acid pH corresponding to the degenerated case (Bibby et al., 2001). The acidic 

state has a direct implication in the solute consumption (Bibby et al., 2005). Indeed, cell culture 

under low oxygen level does not show cellular death whereas the viability is compromised 

when low pH level is observed. Indeed, the activity of IVD cells is regulated by glucose 

contribution and pH with a balance between PGs production and breakdown.  

 

Figure 3.2.8. pH distribution inside IVD during a mechanical loading case corresponding to 

multiple relaxations under loading-unloading in compression.   
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A  strong coupling exists therefore between biochemical and biomechanical features. The loss 

of water content and PGs amount is considered as the first sign of IVD degeneration 

(Buckwalter, 1995). It implies a decrease in osmotic gradient which results in IVD height 

reduction and alters the spine biomechanical response. Therefore, a modification in the motion 

range could be considered as an indicator of IVD degeneration (Pearcy and Tibrewal, 1984; 

Pearcy et al., 1984; Parnianpour et al., 1988; Dvorak et al., 1991). In the case of a degenerated 

IVD, the delicate coupling between biomechanics, biochemical environment and cell biology 

is perturbed (Vergroesen et al., 2015). Indeed, the reduction of fluid exchange implies a 

decrease in nutrients supply and pH. The induced diminution of cellular activity leads to 

reduction of chemical contribution. The ionic transport is perturbed and the balance between 

internal chemical contribution and external mechanical contribution is irreversibly modified. 

 

 

3.2.4. Partial conclusions 
 

An anatomically accurate finite element model of the human cervical spine was developed in 

which the IVD was described by the chemo-inelastic constitutive equations coupled to solutes 

diffusion equations. The developed finite element model provides a useful tool for mechanics 

and solutes patterns estimation in a healthy IVD during physiological movements. 

The presented model involves mechanical, chemical and biological couplings. At this step of 

the model development, the mechano-biological coupling is not strong. The long-time 

prediction of IVD behavior, with aging, could be taken into account by considering the solutes 

effect on the chemo-mechanical response via the description of cellular population. This key 

point is topic of future investigations. 
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Conclusion 
 

 

The intervertebral disc (IVD) is a complex element of our body with unclear couplings. This 

PhD dissertation provides an experimental and numerical investigation of IVD and annulus 

fibrosus (AF) biomechanics. The effect of the surrounding biochemical environment has been 

studied in relation with mechanical loading conditions in order to simulate the complex in-vivo 

environment of the tissue. 

We have reported our experimental observations in the Chapter 2. An experimental study has 

been firstly performed on functional spine units (FSUs) in order to determine the chemical 

sensitivity of the inelastic response under different mechanical loading paths. The torsional 

stiffness and rate-dependency have been found chemically insensitive whereas an inverse 

chemical sensitivity was found between tension and compression. The mechanical response has 

been then observed during multiaxial loading with variation of the osmolarity. It has been found 

that the axial pre-strain type leads to a significant variation of the chemo-torsional response 

with a chemical sensitivity significantly higher in compression than in tension. Although it is 

difficult to know to what extent the time-dependent behavior can be attributed to the 

microstructural rearrangement and the fluid flow, a plausible interpretation of the inherent 

chemo-mechanical coupling with the pre-strain dependency has been proposed according to our 

experimental observations. We have concluded that the modulation of the proteoglycans (PGs) 

density due to mechanical and chemical loadings is the governing factor of the response by 

modulation of microstructural interactions and fluid contribution.  

The intrinsic mechanical response has been secondly studied at the AF scale via an optical strain 

measuring technique. The osmo-inelastic mechanisms have been revealed by analyzing these 

effects on both the macro-stress and the local transversal strains. The effect of microstructure 
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in relation with the collagen fibers has been observed on the axial and transversal behavior. The 

hysteresis area and the rate-sensitivity have been found independent on the collagen fibers 

content/orientation, suggesting the preponderant role of the PGs macromolecules 

rearrangements on the inelastic effects. The apparent Poisson’s ratio has been provided with 

interesting out-of-bond values. The observed auxetic response highlighted the inter-lamellae 

fluid exchanges due to the strong chemical dependence of the LP transversal strains. The 

observation of the establishment of chemo-mechanical equilibrium during relaxation tests 

provided a better understanding of what the nature is able to do to optimize the IVD 

functionality by involving auxeticity, inelasticity and osmolarity effects. The AF chemo-

mechanical equilibrium, altered by mechanical or chemical loading, is a process involving local 

changes in fluid content until a balance between chemical and mechanical states.  

Based upon these experimental observations, we have formulated a new chemo-mechanical 

constitutive model that has been implemented into a finite element program. This model is a 

new approach in the description of healthy soft tissues able to reproduce the osmo-induced 

volumetric changes in relation with microstructure, water content, inelasticity and mechanical 

loading conditions. A fairly good agreement has been obtained between the model results and 

the experimental data in terms of stress-stretch and transversal behaviors of AF specimens. The 

constitutive model has been also applied to reproduce the FSU biomechanics under complex 

loading conditions. The developed model has provided a useful tool for local patterns estimate 

in AF and in IVD.  
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Research perspectives 
 

 

This PhD thesis was dedicated to the experimental characterization and the constitutive 

modeling of healthy IVD in relation with the osmo-inelastic coupling. The inter-lamellar zone 

appeared as an important component in the IVD response illustrated by the auxetic behavior. 

On the experimental point of view, a microscopic observation of the lamellae during a 

mechanical test would allow to validate the proposed mechanism, especially with variation of 

the chemical environment. The validation of the present experimental observation on human 

spine is important for future investigations in the aim to provide some considerations about 

degeneration appearance. On the numerical point of view, although the simulation of the 

uniaxial tensile deformation provided important indications concerning the osmo-inelastic 

mechanisms, it would be also interesting to simulate the time-dependent transversal response 

under relaxation loading. By taking into account induced damage, the degeneration process 

would be better understood on long-time response. The recent experimental studies about 

nutrient supply effect on the mechanical response could be simulated in order to improve the 

mechano-biological coupling, by considering the solutes effect on the chemo-mechanical 

response via the description of cellular population. The long-time prediction of IVD behavior, 

with aging, should be taken into account at the mechanical and biological point of view. 

 



 

 

Abstract: 

The spinal column is a fundamental element of our body, subjected to troubles concerning half of the population with significant 
impact on quality of life and costs estimated around 3 billion euros per year in France. Although the exact origin of the pain remains 
unclear, its correlation with the intervertebral disc (IVD) is often found. Understanding the healthy IVD response is required to 
improve the treatments and to prevent back pain. The IVD is a soft tissue composed by a gelatinous core and concentric layers: 
nucleus pulposus (NP) and annulus fibrosus (AF). At the microstructural scale, an extracellular matrix (ECM) reacts with mobile 
ions in the physiological fluid by osmotic effect. Axial loads are transmitted from the NP to the AF by hydrostatic pressure and 
absorbed thanks to the viscous behavior of the tissue. Indeed, the IVD exhibits a complex inelastic response dependent on the 
chemical environment. This coupling between osmotic and inelastic effects is far from being fully established. This PhD thesis is 
focused on the experimental characterization and the constitutive modeling of the osmo-inelastic coupling in healthy IVD. An 
experimental study is performed on functional spine units extracted from sheep cervical spine. Multiaxial mechanical tests provide 
some insights on the source of inelastic effects in relation with osmolarity by varying mechanical loading path. The osmo-inelastic 
features are found higher in compression due to the increase in ECM density leading to higher chemical sensitivity and rate 
dependency. Experimental observations are then provided on bovine AF in cyclic tension and relaxation. Tested rectangular cross-
section specimens, present two different plans with strong anisotropy due to the layered reinforced structure of the AF. Therefore, 
a method based upon digital image correlation is developed in order to estimate AF local mechanical response that is found 
hysteretic, rate-dependent and osmolarity-dependent. The AF response presents a regional dependency due to collagen fibers 
organization with a Poisson’s ratio higher than 0.5 in the fibers plan and negative in the lamellae plan. An interpretation of the 
osmo-inelastic mechanisms is proposed with two sources of inelastic effects, i.e. ECM rearrangements and internal fluid exchange 
created by osmotic effect. A chemo-mechanical constitutive model taking into account the osmo-inelastic coupling in relation with 
heterogeneous and anisotropic features is then formulated. This model is a new approach in the description of soft tissues able to 
reproduce the osmo-induced volumetric changes in relation with osmolarity, water content and mechanical loading conditions. 
The present formulation is implemented into a finite element (FE) program and used to reproduce the intrinsic response of AF. 
Observed inelastic effects and fluid contribution are reproduced as described in our experiments. The presented constitutive 
model is applied to a FE model of C5-C6 unit constructed from computed tomography. Comparisons with experimental data for 
different neck movements allows us to analyze the local fields in healthy IVD. Some elements towards a better understanding of 
the mechano-biological coupling in healthy IVD make it possible to envisage the future development of a predictive modeling of 
the DIV degeneration. 

 
 

Résumé: 

La colonne vertébrale est un élément fondamental de notre corps, sujet à des troubles touchant la moitié de la population avec 
un impact significatif sur la qualité de la vie et des coûts estimés à environ 3 milliards d’euros par an en France. Bien que l'origine 
exacte de la douleur reste incertaine, on trouve souvent une corrélation avec le disque intervertébral (DIV). Comprendre la réponse 
du DIV sain est nécessaire pour améliorer les traitements et prévenir la douleur. Le DIV est un tissu mou composé d'un noyau 
gélatineux et de lamelles concentriques : le nucleus pulposus (NP) et l’annulus fibrosus (AF). À l'échelle microstructurale, une 
matrice extracellulaire (MEC) réagit avec les ions mobiles du liquide physiologique par effet osmotique. Les charges axiales sont 
transmises du NP à l'AF par la pression hydrostatique et absorbées grâce au comportement visqueux du tissu. En effet, le DIV 
présente une réponse inélastique complexe dépendant de l'environnement chimique. Ce couplage entre les effets osmotiques et 
inélastiques est loin d’être complètement établi. Cette thèse de doctorat porte sur la caractérisation expérimentale et la 
modélisation constitutive du couplage osmo-inélastique du DIV sain. Une étude expérimentale est réalisée sur des unités 
fonctionnelles de rachis extraites de la colonne cervicale du mouton. Les tests mécaniques multiaxiaux fournissent des 
informations sur la source des effets inélastiques en relation avec l'osmolarité en faisant varier le type de chargement mécanique. 
Les caractéristiques osmo-inélastiques sont plus élevées en compression en raison de l'augmentation de la densité de la MEC, ce 
qui entraîne une sensibilité chimique et une dépendance à la vitesse plus élevées. Des observations expérimentales sont ensuite 
fournies sur l’AF bovin en traction cyclique et en relaxation. Les éprouvettes à section rectangulaire testées présentent deux plans 
différents avec une anisotropie forte en raison de la structure lamellaire renforcée de l'AF. Par conséquent, une méthode basée 
sur la corrélation d’images numériques est développée afin d’estimer la réponse mécanique locale de l’AF qui s’avère hystérétique, 
dépendante de la vitesse et de l’osmolarité. La réponse de l’AF présente une dépendance régionale due à l’organisation des fibres 
de collagène avec un coefficient de Poisson supérieur à 0,5 dans le plan des fibres et négatif dans le plan des lamelles. Une 
interprétation des mécanismes osmo-inélastiques est proposée avec deux sources d’effets inélastiques, à savoir les 
réarrangements de la MEC et l’échange interne de fluide créé par effet osmotique. Un modèle constitutif chemo-mécanique 
prenant en compte le couplage osmo-inélastique en relation avec les caractéristiques hétérogènes et anisotropes est ensuite 
formulé. Ce modèle est une nouvelle approche dans la description des tissus mous capables de reproduire les modifications 
volumétriques en relation avec l'osmolarité, la quantité d’eau et le type de chargement mécanique. Le modèle est implémenté 
dans un programme éléments finis (EF) et utilisé pour reproduire la réponse intrinsèque de l’AF. Les effets inélastiques observés 
et la contribution du fluide sont reproduits comme décrit dans nos expériences. Le modèle présenté est ensuite appliqué à une 
unité C5-C6 reconstruite en éléments finis à partir de coupes tomographiques. Des comparaisons avec des données 
expérimentales pour différents mouvements du cou nous permettent de valider et d'analyser les champs locaux dans un DIV sain. 
Certains éléments visant à une meilleure compréhension du couplage mécano-biologique dans un DIV sain permettent d’envisager 
le développement futur d’une modélisation prédictive de la dégénérescence du DIV. 
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