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Abstract 

Objective. To evaluate the biomechanical behavior of whole thoraco-lumbar spine by performing 

numerical analyses with finite element method on a proposed model for thoraco-lumbar spine. 

Background. Many studies on functional spinal units (FSU) in lumbar, thoracic or cervical spine 

have been done. However, the biomechanical behavior of whole spine was rarely explored. Previous 

models of whole spine were too simplified to describe the biomechanical behavior of spine in a 

realistic way. To investigate this issue, the authors simulated various types of motion by finite 

element method to determine the mechanical response of whole spine, such as relative rotational 

angles, von-Mises stress distribution, and associated vibrational modes. 

Methods. A three-dimensional finite element model of the whole thoracolumbar spine was developed 

and validated. Four types of spinal motion were simulated, including flexion, extension, lateral 

bending, and axial rotation. Axial loads of 14N and 140N were exerted on the top endplate of the T1 

vertebra to represent light and heavy preloads respectively. A total moment of 14.5Nm was applied to 

activate the various spinal motions. Sacroiliac joint was set fixed in the numerical simulation. This 

study adopted linear and isotropic material properties for most spinal components, such as the 

cancellous bone, cortical shell, posterior bone, endplate, annulus ground substance, and nucleus 

pulposus. Annulus fibrosus was modeled as two layers of fiber laminate. Each laminate consisted of 

three plies, which were stacked together with an angle of +30° or -30°. As to the ligaments, both 

linear and nonlinear behaviors were considered to make the model more realistic.  

Results. The numerical results demonstrated that, during extension motion, the maximum 

rotational  angle (3.92°) occurred at L2-L3 level and the maximum von-Mises stress (52.64 MPa) 

developed at the superior endplate of L3. During flexion motion, the maximum rotational angle was 

3.11° at L2-L3 level and a maximum von-Mises stress of 39.8 MPa was imposed on the superior 
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endplates of L3. Lateral bending resulted in a maximum rotational angle of 2.77° at L2-L3 level and 

a maximum von-Mises stress of 61.03 MPa at the superior endplate of L3. Axial rotation produced 

a maximum rotational angle of, 4.17° at L2-L3 level and a maximum von-Mises stress of 53.2 MPa 

on the cortical bone of vertebra L2. The effects of linear-type ligaments and nonlinear-type 

ligaments were compared. The relative deformation of FSU’s had the same trend in both linear and 

nonlinear ligaments. The calculated results indicated that the spine had more flexibility when the 

nonlinearity of ligaments was taken into consideration. The first ten vibration modes and the 

corresponding natural frequencies with participation factors were obtained.; The first ten resonant 

frequencies of our model ranged from 0.008 to 0.2 Hz. Our calculated results were relatively lower 

than one FSU (2 segments) which was modeled in the previous studies. This observation is 

consistent with the fact that resonant frequencies decrease with increase in the number of motion 

segments, as pointed out by the literature.. 

 

Introduction 

Biomechanics is an important part of bio-medical 

science. Since 1978 there has been an enormous increase 

in scientific contribution from physicians and engineers. 

Recent basic studies developed in many experiments and 

numerical analyses. In the last decade, more papers have 

been published in this area than ever before. 

Human spine can be viewed as a mechanical 

structure. It was born to have three major functions. First, 

it transfers the weights and the resultant bending 

moments of the head, trunk, and any weights being lifted 

to the pelvis. Second, it allows sufficient physiologic 

motions between these three body parts. Final and the 

most important, it protects the delicate spinal cord from 

potentially damaging forces and motions produced by 

both physiologic movements and trauma [1]. 

Physical properties of the spine may be acquired 

from studies of living subjects or cadaver. Living 

subjects provide realistic but less accurate measurements, 

most experiment data were from human cadaver and 

animals. Thus, in recent studies the numerical models 

were used to explain the clinical phenomenon and to 

predict the consequences. 

Low-back problems and related degenerative 

diseases may come from the long-term exposure to 

whole-body vibration. Over the past 20 years, some 

papers indicated that heavy truck drivers suffering the 

low-back pain or spinal disorders more than normal [2-

4]. Vibration increased human activity in many trunk 

muscles and further induced muscle fatigue behavior, 

especially for professional drivers [5, 6]. Finite element 

methods provide efficient ways to evaluate the 

geometrical and structural changes, fatigue and fracture 

problems of the spine, avoiding impractical treatment or 

experiment ways, and compute the strains and stresses in 

the spinal components [7-10]. Owing to increased 

reports about symptoms due to exposure to vibration 

environment, this study plans to assess the physiologic 

response of the whole thoracolumbar spine in different 

motions and the natural frequency and vibration modes. 

Goel et al. [11] obtained the nature frequency of 17.8 Hz 

in axial mode based on the FE L4–S1 model. Kong and 

Goel [10] acquired the nature frequency of 0.01~30 Hz 

in anteroposterior and vertical directions based on FE 

model from one FSU (S1~L5) to entire spine (T1~S1). 

Methods 

CT scanning, image processing, and bony 
outline smoothing 

The geometry of the thoracolumbar spine model 

was constructed through use of computed tomography 

(CT) images of total 600 slices, with a slice space of 

1mm (512×512 resolution, 16-bit, and a pixel size of 

0.3516mm×0.3516mm), which were acquired from 

scanning specimens of the thoracic, lumbar and sacral 

spine models. The bony boundary outline was depicted 

from each DICOM image filtered by gray-value 

threshold method. Originally these contour lines were 

not smooth enough to stack into a better surface model 

owing to their saw-tooth shapes, through further manual 

processing of the bony outlines with 3D-DOCTOR 

software, and then smooth surface models of the 

thoracic and lumbosacral spines without discs were 

produced. 

Preprocessing of the FE model 

The surface model obtained is, however, not 

suitable for FE analysis yet; it needs several steps to 

check the quality of elements, these terms are such as 

concerning high aspect ratio, modifying gaps left in file 

format transition, adjusting the element size while 

preserving the smooth and accurate geometry of the 
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models, filling the disc components, supplements of 

ligaments, etc. The detailed techniques used on finite 

element methods would not be described redundantly, 

and various components of the completed FSU model 

are shown in Figure 1. The entire FE model has total 

71,025 nodes, 374 bars, 71,568 triangles and 322,590 

tetrahedrons. 

 

Figure 1: Various components of the completed FSU model. 

 

Materials and element types 

The spine is mainly composed of vertebrae and 

discs, and a vertebra contains vertebral body, which is 

made up of the cortical and cancellous bones and 

endplates, and posterior arches. The cortical bone is a 

thin and tough shell of thickness about 0.35mm, which 

encloses cancellous bone and is more stiffer than it. The 

related material properties of these corresponding 

components of the spine are listed in Table 1, while 

dimensions and mass densities are listed in Table 2. In 

general there are seven ligaments attached to the spine, 

while the capsular ligament is regarded as load effect of 

facet contact, and the corresponding nonlinear properties 

used in this study is listed in Table 3. To simulate the 

really nonlinear behavior of the ligaments, a user-

defined subroutine had been added together to run with 

ABAQUS (version 6.6-2) [26]. As to discs, a disc is 

composed of a nucleus pulposus, annulus fibrosus, and 

annulus ground substance, in this study annulus fibrosus 

has two layers of fiber laminate which consists of three 

layers of inner, middle and outer layers which are 

stacked by +30° and -30° plies (Figure 2), i.e., the three 

(inner, middle, and outer) layers are assembled into one 

layer of fiber laminate. The effective material properties 

of composite fiber laminate is listed in Table 4. This 

study used membrane elements to simulate annulus 

fibrosus for the sake of its resisting in-plane force 

character and adopted linear and isotropic material 

properties for most spinal components such as the 

cancellous bone, cortical shell, posterior bone, endplate, 

annulus ground substance, and nucleus pulposus except 

annulus fibrosus and spinal ligaments. 
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Table 1  Material properties of components and dimensions of the spine. 

Parts 
Young’s modulus 

E(Mpa) 

Poisson ratio 

ν 
Reference 

Vertebra 

Cortical bone 12000 0.3 [12-18] 

Cancellous bone 100 0.2 [12, 14-15, 17-18] 

Endplate 12000 0.3 [13, 15, 20] 

Posterior bone 3500 0.25 [12-14, 18-19] 

Discs 

Annulus ground 

substance 4.2 0.45 [12-13, 15, 18, 22-23] 

Nucleus pulposus 1 0.4999 [18, 21, 24-25] 

  (E1/E2) ν 

Annulus Fiber Laminate [17, 18] 

inside    inner ply (±30°) 360/4.2 0.3 

laminate  middle ply (±30°) 385/4.2 0.3 

          outer ply (±30°) 420/4.2 0.3 

outside   inner ply (±30°) 440/4.2 0.3 

laminate  middle ply (±30°) 495/4.2 0.3 

          outer ply (±30°) 5500/4.2 0.3 

 

Table 2  Dimensions and mass densities of the components of the spine 

Parts(element) Section type Shell thickness(mm) Density(g/cm
3
)[10] 

Annulus ground    Solid  - 1.05 

substance    

Annulus fiber  Membrane 1.5 1.0 

laminate    

Cancellous bone Solid - 1.10 

Cortical bone Membrane 0.35 1.70 

Endplate Membrane 0.15 1.70 

Nucleus pulposus Solid - 1.02 

Posterior bone Solid - 1.40 

Ligament Truss - 1.00 
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Table 3  Properties of the ligaments used in this study. 

Ligament ALL PLL LF ISL SSL TL 

Elastic modulus (small strain) (MPa) 7.8 10 15 10 8 10 

Transition strain (%) 12 11 6.2 14 20 18 

Elastic modulus (large strain) (MPa) 20 20 19.5 11.6 15 58.7 

Cross-sectional area (mm2) 53 16 67 26 23 1.8 

Length (mm) 13 11 19 13 11 22 

Max. failure load (N) 510 384 340 130 200 70 

ALL, Anterior Longitudinal Ligament    ;    PLL, Posterior Longitudinal Ligament 

 LF, Ligamentum Flavum              ;    ISL, InterSpinous Ligament 

 SSL, SupraSpinous Ligament           ;    TL, Transverse Ligament 

 

 

 

 

Figure 2: Illustration of the orientation of the annulus fiber laminate. 

 

 

Table 4  The effective properties of the fiber laminate layers. 

 Ex  (MPa) Ey  (MPa) ννννxy Gxy  (MPa) 

Inner Laminate 274.5586 84.43582 0.1898520 92.61541 

Outer Laminate 350.2073 107.1726 0.1843024 118.0320 

 

In order to preserve the original geometry of the 

thoracolumbar spine, the current model used solid 

tetrahedral linear elements (C3D4, ABAQUS) instead of 

hexahedral ones to simulate the irregular posterior bone, 

cancellous bone, and annulus ground substance. For the 

nucleus pulposus, near incompressible hybrid tetrahedral 

elements (C3D4H) were employed. Cortical bone and 

endplate were modeled by triangular shell ele-

ments(M3D3) with element side in the range of 1 mm to 

3 mm, and ligaments were modeled as truss elements 

(T3D2) under the control of no resistance in com-

pression by the user-subroutine in ABAQUS. The 

element types and number of elements used in the 

components of the spine are listed in Table 5. 

 

Table 5  Element types and parameters of the spine model 

Parts Geometry 
Section 

Type 

1D Sec. Area 

2D Thickness 

Element 

Types 
Amount 

Annulus ground 

substance 
Tetrahedron Solid - C3D4 26,209 

Annulus fiber laminate Quadra- lateral Membrane 2 layers@1.5mm M3D3 8,184 
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Parts Geometry 
Section 

Type 

1D Sec. Area 

2D Thickness 

Element 

Types 
Amount 

Cancellous bone Tetrahedron Solid - C3D4 131,324 

Cortical bone Triangle Membrane 0.35 mm M3D3 16,364 

Endplate Triangle Membrane 0.15 mm M3D3 8,596 

Nucleus pulposus Tetrahedron Solid - C3D4H 12,321 

Posterior bone Tetrahedron Solid - C3D4 152,736 

Facets joint Bar Truss 2@20 mm2 GAPUNI 102 

ALL [1] Bar Truss 4@13.2 mm2 T3D2 85 

PLL [1] Bar Truss 4@4.00 mm2 T3D2 85 

LF [1] Bar Truss 4@16.7 mm2 T3D2 85 

TL [1] Bar Truss 2@0.90 mm2 T3D2 34 

ISL [1] Bar Truss 3@8.67 mm2 T3D2 51 

SSL [1] Bar Truss 2@11.5 mm2 T3D2 34 

 

Loading and boundary conditions 

No matter what motion was considered, the loading 

consisted of six pair moments, with two forces of 

magnitude 40N oppositely applied. All these moments 

were applied on the costochondral articulations of the 

thoracic spine. The entire FE model is built from the 

thoracic spine to the sacrum, the nodes on the interface 

region between the sacrum and the pelvis, which is 

called the sacroiliac joint, are set fixed in six directions, 

i.e., 6 degrees of freedom for 3 displacements and 3 

rotations are all zero. However, there are some changes 

for convergence validation, the boundary conditions 

imposed were set fixed on the L1 bottom endplate under 

a downward preload of 140 N uniformly distributed on 

the top endplate surface of the vertebra T12 (Figure 3). 

 

 
Figure 3: Illustration of the boundary condition in convergence test 

 

Convergence test and validation 

This study used an FSU (T12-L1) as a test model to 

investigate the convergence of the model which 

assembled various components including disc and 

ligaments between vertebrae T12 and L1. There were 

different quantity of elements and meshes of six 

specimens listed in Table 6. 

Table 6  The quantity of elements in each specimen 

Specimen A B C D E F 

Annulus(inside layer) 144 144 144 144 144 144 

Annulus(outside layer) 288 288 288 288 288 288 
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Specimen A B C D E F 

Annulus(ground substance) 2117 2365 2117 2109 2109 2109 

Endplate 504 504 504 504 504 504 

Nucleus pulposus 989 1172 978 978 993 978 

Cancellous bone 32523 30799 17652 12184 9382 8895 

Posterior bone 60037 60924 14595 9938 10028 9954 

Cortical bone 8056 7742 2924 1826 1324 1190 

Total 104658 103938 39202 27971 24772 24062 

 

Even though some literature asserted that 

hexahedral quadratic elements seemed to be more stable 

and less influenced by the refinement quality of the 

mesh, while the geometric complexities in the vertebrae 

increased the model construction processes, Ramos et al. 

[27] indicated that the difference between results of 

simulating a realistic proximal femur by first and second 

order tetrahedral and hexahedral elements was not 

notable. Thus, the study used linear tetrahedral elements 

to simulate the irregular posterior bone, cancellous bone, 

and annulus ground substance, and used the FSU (T12-

L1) for convergence test due to similar consideration 

and formulation for the other vertebrae of the 

thoracolumbar spine model. The comparison of con-

vergence effect among each specimen was not fully 

presented by a simple curve of values versus quantity, 

since the specimens have nonlinear behavior due to 

various components and their nonlinear or hetero-

geneous material properties. Figure 4 shows the nor-

malized maximum von-Mises stress in posterior bone 

elements of specimens with respect to specimen C. The 

convergence trend curve is dominated by that of cortical 

elements. The maximum difference is less than 7%. For 

stress or strain, it is generally expected to have larger 

error than displacement in finite element analysis, so it 

could be reliable to trust the calculated data or results in 

this study. 

 

 

Figure 4: Comparison of normalized maximum von Mises stress in specimens A~F 

 

Now that the configuration of FE model has been 

decided, the validation is also important before building 

the entire spine model. The traditional validation is to 

compare the FEM result with that of experimental data 

in load versus displacement relation. This study adopted 

the published experimental data by Markolf et al.[28], 

related to the T12-L1 FSU presented in the rotational 

angle versus the pure moment loads from 0 to 8 Nm. 

This study used the same load and boundary conditions 

for convergence tests. Figure 5 displayed the com-

parison of rotational angles of the FSU (T12-L1) with 

experimental data in extension and rotation motions. 

The trends between the numerical results and the 

experimental data are similar. In fact, these errors might 

result from many factors such as cadaver sizes, ages, 

gender and races, even the realistic data could also be 

diverse, etc., thus, the validation was reliable. 
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Figure 5: Comparison of rotational angles of FSU(T12-L1) with experimental data [28] in (a)extension and (b)axial 

rotation motions. 

 

Contact criterion 

This study used the GAP elements to simulate the 

contact behavior of the facet joints and compared the 

results with previous literature. Polikeit [14] used the 

Coulomb friction coefficient µ = 0.1 on facet joints 

contact. Denoziere [15] simulated the facets contact by 

frictionless with an exponential pressure-overclosure 

relationship, initial clearance, c=1 mm and the pressure 

value at zero overclosure, p0 =0.3 MPa. The exponential 

pressure-overclosure relationship is written in Equation 

1. This soft contact and GAP elements could greatly 

improve the analysis time and decrease the numerical 

divergence. 

0
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(Eq. 1) 

Physiological range of motion of FSUs 

The limit ranges of motion (ROM) of each FSU in 

various motions are varied at different levels of the spine, 

Gregersen [29] studied the axial rotation of the thoracic 

spine when the subjects were tested in walking. 

Results 

In previous studies many functional spinal units 

(FSU), single or multiple segments, have been analyzed. 

Nevertheless, the results of these studies were diverse 

due to the different FE simulation or modeling ways, 

although the materials and properties were within 

common range to which the literature referred. Recently 

the development of modern computers and advanced 

software enables FEM to perform analyses on the whole 

spine model. 

The numerical results were principally concerned 

with the completed FE spine model in extension, flexion, 

lateral and rotation motions and its related vibration 

effect. The obtained results could help researchers 

understand the physiological responses during these 

motions. Some studies have been proposed to explore 

the effects of vibration on the lumbar spine. However, 

these data analyzed only portion of the spine, and could 

hardly be used to predict the biomechanical behaviors of 

the entire spine in response to the whole body vibration. 

This study also investigated the resonant frequency of 

the human spine under vibration to evaluate the efficacy 

of the constructed FE model. The analysis issues of 

vibration of the whole spine consisted of the first 10 
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vibration modes and the corresponding frequencies in 6 

degrees of freedom. 

Responses to various motions 

When the spine bears the forces or moments, it 

naturally manifests the responses including the external 

displacement-rotation and internal stress-strain relations. 

Because the FE model is really complicated that the 

loading conditions designed for any specified motion 

will not only get the pure motion but also usually couple 

with other motions. For example, lateral forces would 

induce the transverse rotation because of the spinal 

curve, and the facets contact would also induce the 

unexpected coupling motion. 

This study gets the relative rotational angles of 

each spinal FSU in three directions, which are divided 

into five groups including preload, extension, flexion, 

lateral bending, and axial rotation, and also presents the 

maximum value of the von-Mises stress at cor-

responding levels. The differences between nonlinear 

and linear ligaments used in the model were compared, 

and linear ones adopted the property of elastic modulus 

listed in Table 3 and the character of tension only to 

simulate the real behavior of physiological response of 

ligaments. 

Preload 

The analysis of various motions of the spine always 

couples with the magnitude of preload. In the process of 

loading of this model, preload was applied first and then 

other loads simulating several motions were followed. 

And the differences between light and heavy preload 

were investigated. 

Forces of 14 N and 140 N were applied on the 

superior endplate of the first thoracic vertebra T1 in the 

light and heavy preload cases, respectively. Results with 

linear and nonlinear ligaments were also contrasted in 

Figures 6(a) to 6(d). 
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Figure 6: The relative rotation of FSUs at T1~L5 levels with nonlinear or linear ligaments, under light 14N or heavy 140N 

preload. 

 

Maximum von-Mises stresses in upper/lower end-

plates, cortical bones, and cancellous bones of the 

thoracolumbar spine under various motions 

In extension case, Figure 7(a), the maximum von-

Mises stress is 52.64 MPa occurring at superior endplate 

or cortical bone of L3 vertebra. The superior endplates 

are quite similar with inferior ones in the lumbar region; 

for flexion in Figure 7(b), the maximum von-Mises 

stresses are about 39.3 to 39.8 MPa, and occur at both 

cortical and superior endplate of vertebrae L1 and L3, 

respectively. The smaller stress than extension motion 

might be due to the ligaments; in lateral bending, Figure 

7(c), the maximum von-Mises stress is 61.03 MPa and 

occurs at the superior endplate of L3; for axial rotation, 

Figure 7(d), the maximum von-Mises stresses of cortical 

and endplates occurred in vertebra L2 (53.2 and 42.8 

MPa). An obvious difference from other motions is the 

stress values are more uniform in entire spine. That is 

just like the torsional loading on the cantilever beam 

with stress uniformly distributed throughout the beam 

instead of the human spine. Reference with the various 

mass densities of the components of the spine model in 

Table 2, the total mass of the spine model is 0.923 kg. 

The first 10 natural frequencies and corresponding 

generalized masses are listed in Table 7, the part-

icipation factors in Table 8, respectively. The modal 

deformation of free vibration of the thoracolumbar spine 

model with scale factor 61.17 is shown in Figure 8. 
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Figure 7: The maximum von-Mises stress in upper/lower endplate, cortical bone and cancellous bone of FSUs with 

nonlinear ligaments under (a)extension, (b)flexion, (c)lateral bending, and (d)rotation. 

 

Table 7  The first 10 natural frequencies and generalized masses of the FE model 

Natural Mode Natural Frequency(Hz) Generalized mass(g) 

1 0.0080438 162.47 

2 0.0100625 180.23 

3 0.0416944 82.557 

4 0.055272 129.83 

5 0.0644471 109.33 

6 0.10857 240.69 

7 0.11909 122.47 

8 0.13862 77.914 
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Natural Mode Natural Frequency(Hz) Generalized mass(g) 

9 0.14521 140.53 

10 0.20803 88.715 

 

Table 8  The participation factors of the current FE model 

Natural 

Mode 

X (Lateral) 

component 

 Y(Vertical) 

component 

Z (Vertical) 

component 

X_rotation 

(Sagittal) 

Y_rotation 

(Frontal) 

Z_ rotation 

(Transverse) 

1 1.6332 0.19813 -0.11143 -64.162 528.89 -22.623 

2 -0.17946 1.5901 -0.15529 -506.23 -58.34 26.986 

3 -1.1016 -2.44E-02 6.00E-02 1.0371 -97.699 63.09 

4 0.13071 -1.0677 0.13094 66.793 10.651 2.9508 

5 -0.7797 -0.15589 -2.80E-02 2.8044 -45.498 -39.725 

6 7.50E-02 0.42123 1.3925 -19.344 1.9649 1.5669 

7 0.4933 3.11E-02 5.81E-02 -1.3195 23.183 -24.096 

8 0.64804 -0.15874 0.11653 4.1887 20.207 13.314 

9 1.32E-02 0.42216 -1.1006 -4.6002 0.31655 2.6582 

10 -0.61013 -0.11478 0.16418 1.2743 -13.614 6.0327 

 

 

Figure 8: The outline of the first 10 natural vibration modes. 
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Discussion 

In early studies with finite element methods, 

numerous single or multiple functional spinal units have 

been analyzed. Though the materials and properties 

were within greatest common compatible ranges, 

nevertheless, the results of studies were diverse due to 

different finite element modeling methods. So it was 

difficult to combine published results to get a whole 

finite element spine model and to examine the desired 

characters at the same region. However, the recent 

developed technology and advanced software have the 

capability to perform analysis on whole spine model. 

From the obtained results, we could see that the 

trend of deformation is similar between linear and 

nonlinear ligaments, but the scale of nonlinear ligaments 

is about twice of that of linear ones. That might be from 

the fact that linear ligament was tied in beginning but 

the nonlinear ligaments were rest under the initial 

strainε0 and light loads. Also we could see that the 

relative rotation of FSUs at T1~L5 levels with nonlinear 

ligaments under heavy preload (140N) is ten times scale 

of that of linear ligaments. And the relative rotation of 

FSUs at T1~L5 levels with nonlinear ligaments behaved 

nonlinearly more with heavy preload than light preload. 

Apparently, the relative rotation in flexion dominated in 

the entire spine. The maximum relative rotation angle 

+15.4° occurs at T1-T2 and minimum extension angle -

2° occurs at L2-L3 in flexion. This evidenced that the 

spine curve appears the thoracic flexion and the lumbar 

extension under vertical axis loading. In extension, the 

difference between linear and nonlinear ligaments is not 

obvious owing to the effect of ligaments except the 

anterior longitude ligaments (ALL) were ignored under 

compressed state, i.e., tension-only behavior. 

Ligaments could exhibit the nonlinear property 

more in flexion than in extension, the stressed state of 

ligaments was exactly reversed from extension. In 

flexion the facet joints could be reasonably inferred that 

they mutually apart from each other. In the fact, this FE 

model is not ideally simple and fully geometrically 

symmetric. It would be hard to find the loading to force 

the spine flexion only. Additionally the nonlinear FE 

analysis method introduces the large deformation theory 

but the loading direction is referred to fixed coordinate. 

That means if the initial transverse rotation occurs, the 

flexion coupling moment may increase the component in 

transverse plane. Then the transverse rotation may 

increase more. 

Lateral bending motion is coupled with the 

transverse rotation. The lateral coupling moment acting 

along the thoracic flexure curve also induced the 

transverse rotation. The transverse ligament (TL) is the 

major ligament resisting the lateral bending while the 

cross sectional area of TL is small (0.9mm2) compared 

to other ligaments. Without other ligaments to sustain 

the force, the maximum von-Mises stress is 61.03 MPa 

occurring at the superior endplate of vertebra L3. The 

stress in lumbar spine is higher than other motion. The 

maximum stresses in vertebrae L1 to L3 are all above 

the maximum 39.8 MPa in flexion (Figure7 (c)). Axial 

rotation motion is limited most by the facets joints rather 

than the ligaments. Due to the diversity of facet joint 

orientations and the maximum deformation is 4.17° 

occurring at L2L3, this indicated that L2L3 bears the 

most deformation in lumbar axial rotation. The 

deformation in L2~L5 is nearly within 3.8°~4.2°, nearly 

1.7°~2.1° in T10~L1 , 1.1°~1.5°in T7~T10, about 2.0° 

in T3~T7, respectively. This might be caused from the 

physiological limitation by facet joints. It is difficult to 

find out the difference of the effects between linear and 

nonlinear ligaments in axial rotation. This means the 

ligaments could be in small strain and indirectly 

evidenced contact between facet joints dominating the 

axial rotation motion. The maximum von-Mises stress of 

the cortical and the endplates was first time occurring in 

vertebra L2 (53.2 and 42.8 MPa). An obvious difference 

from other motions is the stress values are more uniform 

in the whole thoracolumbar spine. It seemed that axial 

rotation is affected by facet joint interaction. All FSU 

levels’ relative rotation angle exhibited the regularity 

due to the contact planes of facet joints change regularly 

and successively. Additionally, this study analyzed the 

nature frequency of the entire model (T1~S1) and the 

first 10 frequency of this model were 0.008~0.2 Hz in 

six degree mode. The result is relative lower than one 

FSU while it satisfied the trend obtained by Kong and 

Goel [10] that resonant frequencies in the antero-

posterior and vertical directions decreased with the 

increase in the number of motion segments. 

Conclusion 

This study used the thoracolumbar spine finite 

element model for nonlinear static analysis, and focused 

on the physiology responses of various active motions. 

This approach distinguished itself from other literature 

from the following achievement: (1) remaining the 

realistic geometric from CT-scan (2) completing whole 

model from thoracic vertebra to sacrum one (3) 

programming ligament properties (4) calculation of the 

relative motion of all FSUs. The results showed that 

nonlinear ligaments would lead the spine to be more 

flexible than linear ones. The more the load acted, the 

more flexible the spine appeared to be. Extension 
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motion would only trigger the effect of anterior 

longitudinal ligaments (ALL) and force transmission 

majorly acted through vertebrae and facet joints. 

Similarly, lateral bending motion triggered the effect of 

transverse ligaments (TL). Axial rotation motion is 

rarely dependent on ligaments. The finite element results 

evidenced this phenomenon, while flexion motion is 

dependent on most ligaments, and the related maximum 

stress in vertebrae was less than those of other motions. 

This study analyzed the nature frequency of the entire 

model (T1~S1) and obtained the first 10 frequency of 

this model ranging from 0.008 to 0.2 Hz, although the 

result is relative lower than one FSU(2 segments), it met 

with the trend of resonant frequencies decreasing with 

the increase in the number of motion segments. 

Additionally, the validation of the results with experi-

mental data showed the finite element model is suitable 

to simulate the human spine under various loadings 

nondestructively. 
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