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ABSTRACT 8 
 9 
Aims: This paper aims to investigate the influence of cage location on the biomechanical behavior of 
lumbar spine with Transforaminal Lumbar Interbody Fusion (TLIF). 
Methodology: Firstly, a three-dimensional finite element (FE) model for L4-L5 low lumbar spine segment 
is established based on computed tomography scan images of a 30-year-old healthy male volunteer. 
Flexion, extension, lateral bending and torsion motions are simulated and compared with in-vitro 
cadaveric test data in the literature to validate the lumbar spine FE model. The intact spine model is then 
modified to TILF model with one cage insertion under three different implant angles (30°, 45° and 60°). 
Results: Numerical results show that after fusion treatment the stress increases dramatically, and mainly 
distributes on cage and pedicle screw-rod system. Though 45° fusion does not have the lowest von Mises 
stress at the pedicle screw-rod system and the cage, it is still within an allowable strength limit. Besides, 
45° fusion has the best balanced stability in four basic physiological motions. So if only one cage uses, 
the 45° posterior location may be more suitable for L4-L5 interbody fusion than 30° and 60° location. 
Conclusion: If only one cage uses, the 45° posterior location may be more suitable for L4-L5 interbody 
fusion than 30° and 60° location. 
 10 
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1. INTRODUCTION  14 
 15 
Degeneration of spinal intervertebral disc is a natural procedure[1]. Some may deteriorate to spinal diseases especially in 16 
lumbar spine segment. When serious enough, interbody fusion surgery is necessary to recover spine’s normal function. A 17 
common way is by cage insertion [2]. The clinical efficacy and biomechanical effect of cage insertion are very difficult to 18 
evaluate by follow up clinical observation. For example, there is no consensus on whether cage insertion accelerates 19 
degeneration process or not at adjacent levels[3-5]. Through experimental study, some researchers [6-9] investigated the 20 
influence of cage shape for the purpose of designing proper cage shape. Via finite element analysis, Kim et al.[10, 11] 21 
found that fusion treatment would greatly increase spinal segment stiffness regardless using one or two cages. However, 22 
changing cage shapes or adding more cages mean more surgical time, increased medical cost[12] and surgical risk[13]. 23 
Considering these reasons, some surgeons prefer to use one cage only. For this case, cage location will be a key factor 24 
affecting post-surgery spine biomechanical behavior. However, there are very limited research works on this aspect[14].  25 

Prediction on range of motion (ROM) and stress distribution in spinal segment after fusion can provide certain reference 26 
significance to make effective surgical schedules. So this paper aims to investigate the biomechanical variation with cage 27 
location in the case of one cage insertion under different physical motions such as flexion, extension, lateral bending and 28 
torsion, and to determine the best one which is beneficial to rapid recovery and preventing further deterioration. Three 29 
common locations used in clinical surgical treatment are considered: 30°, 45° and 60° between cage lengthwise midline 30 
and sagittal plane of human, as shown in Fig. 1.  31 

 32 
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 33 
Fig. 1. Scheme map of different cage locations  34 

 35 
An outline of the remainder of this paper is given as follows: In section 2, the finite element model of low lumbar spine 36 
segments is developed, and according to clinic study, materials of different parts are taken from the literature. In section 3, 37 
the model is validated. In section 4, the influence of different surgical treatments are discussed. Conclusion is provided in 38 
section 5. 39 
 40 
2. MATERIAL AND METHODS  41 
 42 
2.1 DEVELOPMENT OF INTACT FINITE ELEMENT MODEL (L4-L5) 43 

Finite element analysis allows to divide complex spine segment into several regions based on its anatomical structure, 44 
and then mesh with various types of elements. Assigned with proper materials, its biomechanical characteristics can be 45 
properly reflected. In the present study, a surface model (Fig. 2a) for L4-L5 lumbar spine segment is firstly obtain from 46 
thin-sliced (2mm) computed tomography (CT) scans of a 30-year-old healthy male volunteer, corresponding solid model is 47 
established and then meshed in Hypermesh software (Fig. 2b). Vertebrae, intervertebral discs, endplates and several 48 
ligaments are all included in the model. Finally, FE simulation for four basic human spine daily physiological actions of the 49 
L4-L5 lumbar spine segment is carried out in ABAQUS/Explicit.  50 

 51 
(a) surface model            (b) FE model 52 
Fig. 2. The development of FE model 53 

 54 

As shown in Fig. 3, the vertebrae are divided into cortical and cancellous bones, which are represented by a layer of 55 
hexahedral solid elements and tetrahedral solid elements, respectively. The thickness of cortical bone is assumed to be 1 56 
mm[15, 16].  To avoid complex interaction problem, the nodes at the interface between cortical and cancellous bones are 57 
all shared. Bones are assumed to be homogeneous and isotropic with different elastic parameters[11, 17-19] as listed in 58 
table 1. Contact surfaces with a distance of 0.5 mm are defined to simulate the facet articulation and uncovertebral 59 
joints[20]. 60 

60° direction 

45° direction 

30° direction 

Vertebra body 
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 61 
Fig. 3. The sketch map of cortical and cancellous bones (L5) 62 

 63 
The intervertebral disc is divided into annulus fibrosus (AF), nucleus pulposus and superior and inferior endplates. All are 64 
meshed with 3D solid elements. The superior and inferior endplates have a thickness of 0.5 mm[21] sharing common 65 
nodes on the interfaces with their adjacent vertebrae. They are modeled as linear isotropic materials[22]. About 30–50% 66 
volume of the cross-section of disc is defined as nucleus pulposus, and the rest is considered as the disc annulus 67 
fibrosus[23]. The nucleus pulposus is assumed to be a nearly incompressible material by given a Poisson's ratio of 0.499 68 
and a low Young's modulus of 1MPa. Material parameters for each part of the intervertebral disc are listed in Table 1. 69 

The ROM of spine is mainly influenced by the intervertebral discs, so to get accurate results, material property for annulus 70 
fibrosus under large deformation should be seriously developed. Annulus fibrosus is often characterized by fiber-71 
reinforced material constructed with several layers of annular ground substance embedded with truss elements 72 
representing fibers[24-28]. While using one-dimension rebar elements, the interaction between matrix and fibers is 73 
ignored, and also increases meshing difficulty. In present study, a continuum mechanics based fiber reinforced 74 
hyperelastic model is employed to characterize the anisotropic nonlinear biomechanical behavior of annuls fibrosus based 75 
on Peng's theory [29]. The constitutive relationship in [29] is implemented by a user-defined material (VUANISOHYPER 76 
subroutine) in ABAQUS/Explicit. The orientation of fibers is ±30° to the horizontal plane[29, 30].  77 

Five kinds of ligaments including anterior longitudinal ligament (ALL), posterior longitudinal ligament (PLL), ligamentum 78 
flavum (LF), capsular ligament (CL) and interspinous ligament (ISL) are constructed according to anatomical data[31]. 79 
They are assumed as linear elastic membranes which yield tensile loads only. 80 
 81 

 82 
 83 
 84 

 85 
Table 1. Properties of the materials 86 
 87 

Material Young's modulus 
E (MPa) 

Poisson's 
ratio ν 

Reference 

 Vertebrae    
  Cortical bone 12000 0.3 [22,32-37] 
  Cancellous bone 100 0.2 [22,32,33,36,37] 
  Endplate 12000 0.3 [34,36,38] 
Disc 
  Nucleus pulposus  
  Annulus fibrosus 
  Ligaments 

 
1 

User   defined 
 

 
0.499 

Material 
 

 
[37,39-41] 

[29] 
 

  ALL 
  PLL 
  LF 
  CL 
  ISL 
Cage 
  PEEK 

7.8 
10 
15 
7.5 
8 
 

3400 

0.3 
0.3 
0.3 
0.3 
0.3 

 
0.44 

[18,42] 
[18,42] 
[18,42] 
[18,42] 
[18,42] 

 

 88 
 89 

UNDER PEER REVIEW



 

2.2 DEVELOPMENT OF INTERBODY FUSION FINITE ELEMENT MODEL (L4-L5) 90 

Interbody fusion surgical treatment is to partly recover biomechanical function of degenerated disc by using cage system. 91 
Hope to yield and transfer axial force from upper body weight and provide initial three-dimensional stability for lumbar 92 
segment. In present study, fusion models are developed from the intact model by a virtual surgery. According to actual 93 
surgical treatment, nucleus pulposus is totally removed, while the annulus fibrosus and ligaments are partly persisted by 94 
TLIF surgical method. As sketched in Fig. 1, three cage implant locations are considered, which are 30° direction (Model 95 
I), 45° direction (Model II) and 60° direction (Model III).  96 

The cage is made by Poly-ether-ether-ketone (PEEK) with dimensions of 36mm×12mm×10mm (length × height × width) 97 
(produced by Medtronic Sofamor Danek, Memphis, TN, USA) as shown in Fig. 4a. Notice that some minor features such 98 
as location holes and fillets are ignored for the sake of modeling and computational efficiency. Besides, there are many 99 
teeth on upper and lower surfaces of the cage to prevent moving during daily physiological motions. Instead of meshing 100 
the teeth, a surface to surface contact interaction with a higher friction coefficient of 0.8 is defined between the cage and 101 
the adjacent endplates[35].  102 

 103 

   104 
(a) geometrical model                         (b) FE model  105 

Fig. 4. geometrical model and FE model of the cage 106 
 107 

A posterior pedicle screws-rod system is added to fix the functional spinal unit (FSU). The diameter of rod and screws is 108 
5mm, and the screw length is 45mm. The pedicle and screws are assumed perfectly bonded without slipping. The "TIE" 109 
interaction property is used in ABAQUS to define the interaction between the pedicle screw and vertebral body. In the 110 
present model, there is no slipping within the interface between screws and vertebral body. FE models of the pedicle 111 
screws-rod system and fusion model are shown in Fig. 5.  112 

  113 
(a) Pedicle screws-rod system           (b) Fusion model  114 

Fig. 5. Fusion finite element models 115 
 116 

2.3 BOUNDARY AND LOADING CONDITIONS 117 

Four basic human spine daily physiological actions including flexion, extension, lateral bending and torsion are simulated. 118 
The inferior surface of L5 is completely fixed in all directions. A compressive load 400N and a 10N•m moment are 119 
imposed on the superior surface of L4 vertebra along different directions to simulate four physiological motions. 120 
Commercially CAE software package ABAQUS/Explicit is used to for the biomechanical FE analysis. Model validations 121 
and convergence tests on the FSU are first carried out.  122 
 123 
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3. RESULTS AND DISCUSSION 124 
 125 
3.1 MODEL VALIDATION AND ROMS PREDICTION FOR FUSION MODELS 126 

To validate the present model, ROMs of intact L4-L5 FSU under flexion, extension, lateral bending and torsion are 127 
predicted and summarized in Table 2. Experimental and numerical results from the literature [41-49] are also shown in 128 
Table 2 for comparison. The ROMs from the literature range from 4.48° to 7.13° for flexion, 2.70°-4.88° for extension, 129 
2.08°-5.64° for lateral bending, and 1.50°-3.41° for torsion. For the present model, the ROMs are 4.13°, 3.25°, 3.1° and 130 
3.2° for the four motions, respectively, which are compatible with the reported literature data. 131 
 132 
Table 2. ROMs in different loading conditions (L4/5 FSU, Unit: degree) 133 
 134 

Group Flexion Extension Lateral Bending Torsion 

Goel[45]  FE: 4.828 
Exp:5.020±2.824 

FE: -3.517 
Exp:-4.00±0.980 

--- --- 

Goel[46]  FE: 4.483 
Exp:6.183±2.155 

FE: -3.345 
Exp:-3.241±1.69 

FE: 4.517 
Exp:4.276±1.655 

FE: 2.724 
Exp:2.310±0.914 

Dooris[44]  FE:5.88 FE: -3.7 --- --- 
Kiapou[49]  FE: 5.00 FE: -2.70 FE: 4.50 FE: 2.40 
Rohlmann[47]  Exp:7.135±2.331 Exp:-

4.888±0.955 
Exp:3.458±1.354 Exp:3.417±1.354 

Chen[48]  FE:5.20 FE:-4.343 FE:4.914 FE:2.829 
Chen[42]  FE:4.49 FE:-3.89 FE:2.08 FE:2.08 
Grosland[43] FE: 5.081 

Exp:5.51±1.00 
FE: -3.351 
Exp:-2.99±1.02 

FE: 5.181 
R.Exp:5.64±1.22 
L.Exp:4.90±0.79 

FE: 2.75 
Exp:1.50±0.67 

Present study FE:4.13 FE:3.25 FE:3.1  FE:3.2 
 135 
After model validation, the ROMS under the designed various surgical options are compared. With the implantation of the 136 
cage (30° fusion) and posterior pedicle screw-rod system, the ROMs decrease about 50%, 60%, 46% and 44% for flexion, 137 
extension, lateral bending and torsion, respectively, as shown in Fig. 6. The implant angle has less effect on the ROMs for 138 
flexion and torsion. For extension, the ROMs increase from with the increase of implant angle. While a reverse tendency 139 
is observed for lateral bending.  140 

 141 
Fig. 6. ROMs for different fusion models 142 

 143 
3.2.2 STRESS IN ADJACENT DISC AND VERTEBRAE 144 

A typical stress distribution in endplate after intervertebral fusion is shown in Fig. 7 (30° fusion, flexion). Stress 145 
concentration mainly appears on the contact region with the cage, and has a maximum stress around 35.3MPa. For 45° 146 
and 60° models, the maximum stresses reach 40.4MPa and 31.8 MPa, respectively. The predicted maximum stresses of 147 
different anatomical structures under the four physiological motions are listed in Table 3. 148 
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 149 
Fig. 7. Typical Von Mises stress distribution of endplate (30° fusion, flexion) 150 

 151 
Table 3. Maximum stress in different structures (Unit: MPa) 152 
 153 

  Flexion Extension Lateral bending Torsion 

Model I 

Endplate 35.3 31.0 38.3 36.7 
AF 0.48 0.18 0.96 0.51 
L4 cortical 57.3 35.3 32.7 55.9 
L5 cortical 49.1 29.9 44.4 44.9 
cage 67.2 47.4 57.7 82.8 
screws-rod system 116.1 104.5 119.5 95.0 

Model II 

Endplate 40.4 31.3 40.2 30.1 
AF 0.59 0.19 0.54 0.79 
L4 cortical 49.4 37 32.6 57.6 
L5 cortical 51.0 31.1 39.2 47.7 
cage 65.4 56.1 86.3 71.5 
screws-rod system 143.1 143.5 92.8 92.1 

Model III 

Endplate 31.8 27.5 38.5 35.9 
AF 0.42 0.13 0.38 0.35 
L4 cortical 56.7 33.2 42.4 52.1 
L5 cortical 50.1 30.9 50.2 41.9 
cage 54.0 48.6 87.5 71.1 
screws-rod system 186.8 161.1 95.8 91.4 

 154 
 155 

 156 
As shown in Fig. 8(b), annulus fibrosus are maximum remained when inserting the cage for fusion. The maximum stress 157 
under 30° fusion in the remained annulus fibrosus is about 0.49 MPa under flexion, while it is 1.35MPa in the intact model. 158 
The maximum stresses in the annulus fibrosis for extension, lateral bending and torsion are also listed in Table 3. It can 159 
be found that the maximum stresses decrease more than 60% because of partly excised, but less influenced by cage 160 
implant angle. 161 

 162 
(a) Intact model 163 

  164 
(b) 30° fusion, flexion 165 
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Fig. 8. Von Mises stress contributions in annulus fibrosus 166 
 167 

Figure 9 shows the stress distribution in the cage. As shown in Fig. 9, the stress concentrates in two regions: (a) the 168 
interaction edge between cage and endplate, especially in the region yielding compressive stress; (b) the region around 169 
holes. Maximum stress of cage appears in Model III for lateral bending, which reaches nearly 87.5 MPa in all motions, 170 
detailed in Table 3. As the cage implant angle increases, the maximum von Mises stress decreases dramatically about 171 
20% for flexion. While for extension, the stress has an obviously increase at 45°, then decreases. For lateral bending and 172 
torsion, little variation occurs for three models (Fig. 10). 173 

 174 
Fig. 9. Stress distribution in cage (30° fusion, flexion) 175 

 176 

 177 
Fig. 10. von Mises Stress distribution in cage (30° fusion, flexion) 178 

 179 

Figure 11 shows the Von Mises stress distribution on the external part of the pedicle screws-rod system under different 180 
motions. The maximum stress appears at the joint between screw and rod in the case of flexion. As listed in Table 3, the 181 
maximum stress under flexion is larger than under extension, lateral bending and torsion, and even reaches nearly 186 182 
MPa in Model III.  183 

 184 
   (a) flexion                  (b) extension 185 
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 186 
   (c) lateral bending                  (d) torsion 187 

Fig. 11. von Mises stress distribution in pedicle screws-rod system (30° fusion) 188 
 189 

For flexion, extension and lateral bending, the maximum stress mainly concentrates on the rod, especially at the surface 190 
close to the screw, which yields tensile load. While for torsion, the peak stress appears at the interface between the 191 
intervertebral body and screws, it may due to most energy is dissipated by the interaction of these two parts in order to 192 
prevent screws' pulling out. The stress values change with cage location are also listed in Table 3. As can be seen from 193 
Fig. 12, peak stress dramatically increases about 60% and 54% with the increase of implant angle for flexion and 194 
extension, respectively. While for lateral bending, the stress declines about 20%, and there is little variation for torsion, 195 
which is around 90 MPa. 196 

 197 
Fig. 12. von Mises stress distribution in pedicle screws-rod system 198 

 199 

The numerical results of fusion model indicate that the cage location changes the biomechanical response of L4/5 FSU. 200 
The cage transfers axial force from upper body to lower part instead of nucleus, which weakens the deformation ability, 201 
and leads to a decrease of ROMs directly. Synthesizing Table 3 and Figs. (10, 12), though Model II (45° fusion) does not 202 
have the lowest von Mises stress at pedicle screws-rod system and the cage, it has the best balanced stability in four 203 
basic physiological motions both for sagittal and coronal plane. So if only one cage is used, 45° posterior location may be 204 
more suitable for L4-L5 interbody fusion than other cage locations. 205 

Present study has some limitations. First, the bones and ligaments are assumed as homogeneous and isotropic materials, 206 
while this may be inappropriate in some complex loading conditions or large deformation status. Secondly, the adjacent 207 
level degeneration is ignored. Lastly, the interaction between screws and vertebral body is not considered. Our future 208 
work will concentrate on developing a more accurate model to comprehend the biomechanical essentials of human spine 209 
segment. 210 
 211 
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4. CONCLUSION 212 
 213 
In present study a three-dimensional finite element model of L4-L5 fusion spine is established to investigate the effect of 214 
cage location on its biomechanical behavior under various daily actions including flexion, extension, lateral bending and 215 
torsion motions. The numerical predictions indicate that after fusion, the ROMs reduce about 44%-50% for all four 216 
motions. When the cage implant angle increases, the ROMs increase for flexion and extension and decrease for lateral 217 
bending, but less fluctuation for torsion. For von Mises stress, as the cage implant angle increases, the maximum stress 218 
of cage decreases dramatically about 20% for flexion, and has an obviously increase at 45° then falls at 60° fusion for 219 
extension, but little variation occurs for three models for lateral bending and torsion. As for pedicle screws-rod system, the 220 
stress mainly concentrates on the rod, especially at the surface close to the screw except torsion, which appears at the 221 
interface between the intervertebral body and screws. When cage implant angle increases, the peak stress dramatically 222 
increases about 60% and 54% for flexion and extension, while for lateral bending, the stress declines about 20%, and has 223 
little variation for torsion. According to present study, though 45° cage location does not have the lowest von Mises stress 224 
at pedicle screws-rod system and the cage, it has the best balanced stability in four basic physiological motions. So if only 225 
one cage is used, 45° posterior location may be more suitable for L4-L5 interbody fusion than 30° and 60° cage implant 226 
location. 227 
 228 
 229 
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