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Abstract 

The paper deals with the biomechanical investigation on the motion segment – basic part of 
the human lumbar spine focused on the intervertebral disc response to the various types of load. It 
contains the description and the reason of the simplification of the model, the biomechanical laws; the 
mathematical treatment with the computational implementation added. The results are presented and 
discussed especially for the intervertebral disc. 
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Abstrakt 

Článok sa zoberá skúmaním reakcie pohybového segmentu ľudskej chrbtice na rôzne druhy 
zaťaženia. Zameriava sa prioritne na odozvu medzistavcovej platničky na tieto zaťaženia. Popisuje 
geometriu zjednodušeného modelu pohybového segmentu spolu s odôvodnením tohto zjednodušenia, 
biomechanické zákony, matematický model popisujúci fyzikálny dej. Načrtáva konečno prvkovú 
analýzu, podáva a analyzuje výsledky počítačovej implementácie. 
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 1 INTRODUCTION 
Human lumbar spine diseases become more and more frequent in nowadays generation. The 

pain in this part of the spine very often restricts or disables the afflicted person in his work activity or 
even in the common life. The most often cause of the low back pain onset is the intervertebral disc 
degeneration. There are several reasons of this pathology, as wrong body control, injury, the overload 
at work - persisting in the same posture for a long time, heavy physical work, frequent repeating 
motions as lifting or bending, vibrations, etc. As the treatment of the patient with such a diagnosis is 
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often invasive (the X-rays side effect to human organism is well known), costly and long-lasting, the 
theoretical investigation in this field is unavoidable. And this is the task for biomechanics.  

 In this paper there is a simplified model of human spine motion segment described. The 
motion segment – the domain where the investigation is done - consists of two lumbar vertebrae and 
the intervertebral disc between them. Afterwards, the tools of biomechanics and numerical analysis 
are availed; the computation is done within the finite element software. As we focus on the disc 
behavior, its changes, and vulnerability, the results are presented and discussed mainly on this part. 

 2 HUMAN SPINE ANATOMY 
The human spine is a complex biological system within the organism. It consists of stiff 

vertebrae separated by elastic intervertebral discs. The particular parts of the spine differs each from 
other by the shape, composition; and there are some common features and functionality. That is why 
we speak about cervical part of the spine with 7 vertebrae (C1-C7), thoratic part with 12 vertebrae 
(T1-T12), lumbar part with 5 vertebrae (L1-L5), sacral part with 5 fused vertebrae (S1-S5), coccyges 
part with 4 or 5 fused vertebrae (Co1-Co4) or (Co1-Co5), see Fig.1. There are 23 intervertebral – 
within C1-L5 discs one by one between.  

 
Fig. 1: Human spine; lateral view, anterior view, posterior view [6] 

The vertebra consists of vertebral body – the essential load carrying part and the salients – 
processi joined to the body by strong pedicles. Among the vertebral body, pedicles and the salient 
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there is a hole foramen – creating the spinal canal where the spinal cord leads through, see Fig.2a,b. 

 

 Fig. 2: Human spine; a) top view, b) lateral view, c) intervertebral disc sheme [6] 

The intervertebral disc has three basic components. The inner part is nucleus pulposus – an 
almost incompressible liquid or jelly-like substance distributing hydraulic pressure in all directions 
within the disc, the outer part is created by the elastic layered annulus fibrosus. Its collagen content is 
divided to the layers by the system of fibers. The cartilage thin plate covering the disc at the bottom 
and at the top is called endplate [1], see Fig.2c. 

 3 BIOMECHANICS OF THE LUMBAR SPINE 
Comparing to the other human vertebrae, the lumbar vertebrae have more robust bodies and 

pedicles and smaller processi. The shape is tailored to bearing about 60% of the body weight and to 
handle with all types of load.  

 3.1 Model simplification, coordinate system, notation 
At the beginning of the intervertebral disc behavior within the lumbar motion segment, see 

Fig.3 we do some simplification. While dealing with a constraint, the main role is played by massive 
vertebral body of the lumbar motion segment. As proven by experiments, its concave part (top view 
see Fig.2.a) forming foramen hole does not play significant role while bearing the compressive load - 
the magnitude, but not the exact shape of the upper and lower surface is important while computing 
the stress – strain field. That is why it can be taken circular instead of oval shape during the 
investigation of the compression load impact to the intervertebral disc. Consequently using surface of 
revolution as the domain of the interest and taking uniform distributed load representing for example 
walking or jumping, the situation it can be investigated as axisymmetric. In the case of nonuniform 
distributed load the model is fully 3D, with cylindrical system of coordinates applied. 

 

Fig. 3: Motion segment and its first approximation configuration[4] 

Regarding that the domain of our interest is a surface of revolution, we use cylindrical 
coordinate system (r, z, θ), see Fig.4., with r -  radial coordinate (distance from the axis of the 
revolution, r ≥ 0), z - axial coordinate, and θ - circumferential coordinate. 
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Fig. 4: The cylindrical coordinate system coordinates 

The notation is  

 displacement field  

in axisymmetric case (AXI)   in full 3D, cylindrical coordinate system (CYL) 
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 3.2 Mechanical laws in the biological system  

In the two considered load types the axisymmetric or 3D approach is chosen 

 Kinematical equations describe the strain-displacement relation: 

 e = Du, (3.1) 

where in axisymmetric case e = eAXI and in cylindrical 3D case e =  eCYL and 
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 Constitutive equations (Hooke’s law) express the dependence of the stress on the strain: 

 σ = E e (3.2) 

The isotropic material, is characterized by unique elastic modulus E and Poisson’s ratio ν the 
general constitutive equation can be rewritten in the form: 

EAXI  = 
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 Equilibrium equations, e.g.[3] 

in axisymmetric case: 
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in full 3D; cylindrical coordinate system: 
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where br, bz, bθ are body force vector components. 

 3.3 Finite element modeling  

Variation formulation is based on the total potential energy functional minimization. Taking 
displacements as master field, the total potential energy functional is of the form [5], [7]:  

 Π [u] = U [u] – W [u],  (3.5) 

where U[u] is the strain energy functional, 

 U[u]  
V

T

V

T dVdV eEeeσ
2

1

2

1
, (3.6) 

W[u] is the external work potential that can be written as a sum of contributions due to body 
force and contributions due to prescribed surface tractions, 

 W[u] = Wb[u] + Wt[u], (3.7) 

where 

 Wb�[u] dV
V

T ub , (3.8) 

 Wt[u] dS
tS

T ut .  (3.9) 

In the case of axisymmetry, the element of volume dV in (3.8) can be taken as a "ring element" 
dV = 2πrdA, where dA is an element of cross sectional area, and the element of surface dS = 2πrds in 
(3.9), ds being arc length element. Thus the strain energy functional in the case of rotation symmetry 
is of the form 

 U[u] 
A

T dArπ eEe2
2

1
 (3.10) 

and external work potential of the form 

 W[u] = Wb[u] + Wt[u] 
A

T dArπ eEb2 
ts

T dsrπ ut2  (3.11) 

 3.4 Input parameters and computing  

 Boundary conditions 

There are two types of load applied. For the sake of better synopsis in axisymmetric case the 
“zero level plane” (that the all computations are done relatively to) leads horizontally in the middle of 
the disc, just horizontal displacement is allowed on it. In fully 3D the plane containing the lower 
surface of the lower vertebra is considered as a pad. There all degrees of freedom of this point are 
detracted. In both types of load the upper surface is the place where the two various loads (p1, p2) 
one are applied. 

p1: Uniform distributed load of 480N per the upper area 
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p2: Parameterized non-uniform distributed load given by a function. We take the linear 
function in two variables with Tmax and Tmin values on the opposite borders of the disc diameter. 

 
Fig. 5: Uniform and non – uniform distribution load 

 Material properties 

As mentioned in chapter 2, the vertebra consists of cortical and cancellous bone; the disc 
consists of annulus fibrosus and nucleus pulposus, see Fig.6. They are separated by cartilaginous 
endplate. All materials are supposed to be isotropic. The Young modulus and Poisson ratio constants 
are given in the table 1. 

Tab. 1: Material properties of the biological system components [8] 

 Cortical bone Cancellous bone Annulus fibrosus  Nucleus pulposus  Endplate 

Young modulus [MPa] 12000 120 24.20 0.013 24.3 

Poisson ratio [-] 0.3 0.2 0.4 0.499999 0.20 

 Finite element type  

The type of the element within the finite element software was chosen according to the type of 
the task and the required results. 

Isoparametric element

 
Fig. 6: Meshed area representing the simplified motion segment - body of revolution and its 

configuration; 2D element represents a ring in reality [2] 

The linear 4-node plane element was used in the case of axisymmetry, Fig.6 and the higher 
order 3D 20-node solid element that exhibits quadratic displacement behavior was taken in fully 3D 
approach, Fig.7 [2]. 

3D element

 
Fig. 7: Meshed body by higher order type of element while fully 3D approach is used 
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 4 RESULTS  
As all dimensions of all components of the model are parameterized, the geometry can vary 

and in such matter it is possible to predict the behavior of the several possible motion segments 
within the human spine.  

We chose the L3 – L4 configuration, it means all indicated results correspond with the motion 
segment consisting of the 3rd and the 4th vertebrae of the human lumbar spine and appropriate 
intervertebral disc between them. 

4.1  Uniform p1 load applied  
The p1 load case is judged as fully axisymmetric, as the domain is a surface of revolution and 

the load is symmetric. Zero level (the plane that all displacements are computed relatively to) leads 
horizontally in the middle of the disc.  

a) b)  

Fig. 8: a) Motion segment under the p1 load; isosurfaces of displacements, b) disc nodes 
displacement vectors under such a load 

We can se on the Fig.8 and Fig.9, which the liquid inner part of the disc - nucleus pulposus 
changed its shape under the load and forced the elastic annulus fibrosus to deform outside radially. 
The deformations are of the magnitude about ½ mm at the point of the very outer circle of disc. 

a)      b)     c)  

Fig.9: Displacement of motion segment nodes under the L1 load a) displacement magnitude, b) r-
component of displacement, c) z-component of displacement 

a)       b)  

Fig.10: a) Strain, b) stress magnitude within the quarter of the motion segment 
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The maximal stress magnitude, Fig.10b), is observed in the bottom tip of the cancellous bone 
on the border with the cortical bone where the most deforming part of the disc is connected by its 
endplate. As expected, the strain, Fig.10a), gains its maximum in the liquid nucleus, that changes its 
shape easily. Also the deformation of the elastic annulus fibrosus is significant. 

4.2  Non-uniform p2 load applied  

a) b)  

Fig.11: a) Deformation of the motion segment under the non-uniformed distributed load, b) 
displacement vectors of the nodes  
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Fig.12: Displacement isosurfaces under non – uniform distributed load a) magnitude of the total 
displacement, b) its x-component, c) y-component d) z-component 

In the case of bending / extending the bottom area on the pad is considered as a zero level. The 
lower vertebra particles did not move at all, upper vertebra just moved, but did not deform at all, just 
the elastic disc deform significantly.  
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 5 CONCLUSION  
The stress - strain response of the human spine segment under the various types of 

physiological load reminds the orthopaedist the places with the concentrated stress which can lead to 
the disc herniation under the overloading. The parametrizing of the dimensions makes the model 
universal for several motion segment of human lumbar spine. Problem of the mechanical response of 
the particular parts of the human lumbar spine is complex, still not observed sufficiently. Therefore 
further we will aim to more complex models by detailing of the intervertebral disc composition, 
including nonlinear physical properties, adding the ligaments into the model, etc.  
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