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 ABSTRACT   

 In orthopedic surgery, Finite element analysis (FEA) is a very useful tool for the surgeon to 

predict the behaviour of different fixation systems of cervical vertebrae and cages 

implantation before surgery. The objective of this work is to establish the 3D re-

construction, modelling and examine the validation of an intact C2-C3 level of cervical 

vertebrae in finite element (FE) software with respect to Range of Motions (ROMs).  3D re-

construction of an intact C2-C3 cervical vertebrae was modeled and imported to ANSYS 

2023 R1 STUDENT EDITION software. Ligaments are defined as rod connection. The 3D 

model then meshed with quadratic order of tetrahedron elements. The results showed that 

the Range of Motion of our model for flexion, extension, lateral bending right and axial 

rotation right is validated. Validation of the cervical vertebrae 3D model is an initial step 

that must be made before any study is carried out on the FE model. This validate model is 

going to be very helpful to evaluate the outcomes of different fixation systems of cervical 

vertebrae and cages implantation before surgeries.              
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                : ة   ـي  ـق  ـن  ـع  ـرات ال  ـق  ـف  ـن ال  ـم   C2-C3    ن  ـي  ـت ر  ـق  ـف  ـال ة   ـذج  ـم  ـن ن   ـق م  ـق  ـح  ـت  ـر وال  ـوي  ـط  ـت 

 ات  ـرك  ـح  ـاق ال  ـط  ـر ن  ـدي  ـق  ـت 

   1ه ـلـح الـتـف ال ـمـك لـيـبـن، 1ب ـيـبـح وليـتـد مـم ـأح دـمـحـم، 2ح  ـايـسـال مـحـمـودد ـمـحـم ،*⸲1نـيـس ـحد ـمـحـمد ـالـخ

 رـصـم – رةـاهـقـال   -ر ـة الأزهـعـامـج  –ة ـيـكـيـكانـيـم ـة الـدسـن ـهـالم ـسـق 1
 ر ـصـم –رة ـاهـقـال –رة ـاهـقـة ال ـعـامـج   –ة ـويـيـح ـة الـدسـنـه ـة والـمـظـالأنم ـسـق 2

 khalid.alolaa@gmail.com  :ي ـسـيـرئـث الـاحـبـلـي لـرون ـتـكـد الالـريـبـ*ال

 العربيالملخص 

ة ـفـلـتـخـم ـت الـي ـبـثـتـة الـمـظـوك أنـلـسـؤ بـبـن ـتـلـراح لـجـلـداً لـدة ج ـيـفـأداة م (FEA) ةـذجـمـنـال  لـيـلـحـت  دـعـتام،  ـظـعـة الـراحـي جـف

ة  ـذجـمـاد ونـعـة الأب ـيـلاثـاء ثـنـب  رـويـطـت  ادةـو إعـل هـمـعـذا الـن هـدف مـهـالة.  ـراحـجـل الـبـاص قـفـة وزرع الأقـيـقـنـعـرات الـقـفـلـل

الـحـوف مـقـحـتـص  مـحـن صـق  لـيـلـسـال C2-C3 وىـتـس ـة  الـقـفـلـم  فـيـقـنـعـرات  ب ـة  يـم ـيـف (FE) ةـذجـمـنـالج  ـامـرنـي  ق ـلـعـتـا 

ا  ـهـالـدخة واـمـيـلـسـال C2-C3 ةـيـقـنـعـرات ال ـقـفـلـاد لـعـي الأب ـلاثـاء ثـنـادة بـوذج إعـمـم نـيـمـص ـم تـت. (ROMs) اق الحركات ـطـنـب
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. ةـيـوانـطـان اسـبـضـقا  ـهـى أنـلـة عـطـالأربت   ـيـبـثـتف  ـريـعـم تـت  .ANSYS 2023 R1 STUDENT EDITION جـامـرنـى بـإل

ة ـركـحـدى الـج أن مـائـتـنـرت ال ـهـوح. أظـطـسـة الـيـاعـر ربـاصـنـعـي لـعـيـرب ـب تـيـرتـتـاد بـع ـي الأبـلاثـوذج ثـم ـنـج الـم دمـم تـث

ق ـقـحـتـد الـعـي  ه.ـنـق مـقـحـتـم الـن تـيـمـيـلـوري لـحـمـدوران الـن والـيـمـيـلـي ل ـبـانـجـاء الـنـحـط والانـسـبـاء والـنـثـلانـا لـنـوذجـمـنـل

ة  ـذجـمـنـالى  ـلـة عـراء أي دراسـل إجـبـا قـراؤهـب إجـجـة يـيـوة أول ـطـخ  ةـيـقـنـعـالرات  ـقـفـلـاد لـعـي الأبـلاثـوذج ثـمـنـة الـحـن صـم

(  (FE.اص  ـفـوالأقالـعـنـقـيـة    راتـق ـلـلـفـة  ـفـلـتـخـمـت الـيـبـثـتـة الـمـظـج أن ـائـت ـم نـيـيـقـتـداً ل ـداً جـيـفـذا مـق هـقـحـتـوذج الـم ـون نـكـي

 .ةـيـراحـجـات الـيـلـمـعـل الـبـق

 ⸲ ةـركـحـال اقـطـن  ⸲ ةـيـقـنـعـال اترـقـفـال ةـذجـمـن ⸲ ريـقـف ـال روفـضـغـلـة لـويـيـحـا الـكـيـانـك ـيـمـال :ة ـيـاحـتـف ـمـات ال ـمـلـكـال

 . ةـذجـمـنـال

1. INTRODUCTION 

Intervertebral disc diseases of cervical vertebrae such as stenosis, herniation, deformity, trauma, 

degenerative disc disease and spondylolisthesis are treated by surgical procedures when conservative 

therapy failed  [1, 2]. Discectomy [3], Laminectomy [2, 4-6], Total disc replacement [7- 9]  and spinal 

fusion are the main surgical procedures employed.   

Spinal fusion is the most common surgical procedure used. In this procedure, the disc is totally 

removed and placing instead of it a natural bone graft, autograft or allograft, or synthetic cage. Cage is 

usually made in a box shape with a cavity in its core so that autogenous bone, Allograft bone or synthetic 

bone [10] can be placed inside the cage to be act as a fused material between the vertebrae [11,12]. 

Currently, titanium (Ti) alloys and Poly-ether-ether-ketone (PEEK) are the most common materials 

used as a synthetic cage in cervical spine operations [13 -  17]. 

In orthopedic surgery, Finite element analysis (FEA) is a very useful tool for the surgeon to test 

different fixation systems of cervical vertebrae, i.e., pedicular screws, implanted cages compared with 

the dynamic ones. [18]. Additionally, FEA models help to find the intervertebral disc mechanics, injury 

mechanism and contribute to the diagnosis of cervical spine problems and treatment methodologies 

[19]. However, the results of FEA cannot be considered until the 3D model of the cervical vertebrae is 

validated. Validation of the 3D model of cervical vertebrae is occurred by comparing the ROMs of the 

3D model with the ROM of intact cervical that obtained from in-vitro study [20, 21]. 

The objective of this study is to model an intact cervical vertebrae C2-C3 motion segment and 

investigate its validation by comparing the ROMs for the flexion, extension, lateral bending right, axial 

rotation right using FEA with the corresponding values in in-vitro studies. 

 

2. MATERIALS AND METHODS  

3D models of intact C2-C3 cervical vertebrae were constructed to simulate their mechanical 

behavior and evaluate the stresses applied on them.  

2.1. 3D construction model of the C2-C3 cervical vertebrae 

C2-C3 Cervical vertebrae model is downloaded from public on-line resource [31]. It was stated 

in the on-line resource that the 3D model of the spine is taken from male cadaver. The spine of the 

cadaver was CT-scanned and the resulted CT slices are converted to 3D construction by using mimics 

software. The model was suffered from geometry imperfections, such as boundary separation, 

unspecified faces, lost faces, and the presence of gabs. All these geometrical imperfections were 

repaired by importing the model into ANSYS space claim software and applying stitch, gaps, and 

missing faces commands. The surfaces in the model were connected and to analyze more specific 

portions of the model independently, faces should be segmented. Split command was used to segment 

different faces in the vertebra. To ensure successful meshing do not attempt to merge faces in any 

vertebra. The bony structure of C2-C3 cervical vertebrae bodies were modeled to be composed of 

cortical, cancellous, superior endplate and inferior endplate. Whereas the intervertebral disc was 

modeled to consist of annulus fibrosus, nucleus pulposus, superior cartilage and inferior cartilage 

endplates, Fig.1.  
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Fig. 1 3D model of C2-C3 vertebrae A) unsegmented model B) segmented model.  

2.2 Finite element analysis (FEA) model establishment 

3D model of C2-C3 cervical vertebrae after modelling was imported to ANSYS 2023 R1 

STUDENT EDITION for meshing and FEA analysis. Tetrahedron mesh element with quadratic order 

was used. The element mesh size for FE model was 1.9 mm and the total elements of the model were 

49786. Six major ligaments are included in the model at corresponding anatomical positions. These 

ligaments are anterior (ALL), posterior (PLL), flavum (LF), capsular (CL), spinous (SL), and 

interspinous (ISL) ligaments; Fig. 2. The ligaments are defined as rod connections. The material 

properties of bony structure of cervical vertebrae and interverbal disc are summarized in Table 1. 

Whereas the material properties of ligaments are listed in Table 2. In this study, to replicate the actual 

behavior of ligament tension only link elements were considered. To approximate anatomical and 

physiological properties of the facet joints, our model considered that the contact type is defined as no 

separation contact. Other adjacent parts were defined as bonded contact.  

 

 

 

 

 

 

 

 

 

Fig. 2 Ligaments positions.  

A B 



DEVELOPMENT AND VALIDATION OF A FINITE ELEMENT MODEL FOR C2-C3 CERVICAL SPINE: 

ESTIMATING RANGE OF MOTIONS 

83                                                                  JAUES, 19, 70, 2024 

 

Table 1 Materials properties of bony structure of cervical vertebrae and intervertebral disc 

 
Component 

Element 

type 

Young's 

Modulus (MPa) 

Poisson's 

ratio 
Reference 

B
o

n
y

 

S
tr

u
ct

u
re

s Cortical bone 

S
o

li
d
 

12000 0.3 [22] 

Cancellous bone  450 0.3 [22] 

Superior bony endplate 500 0.45 [22] 

Inferior bony endplate 500 0.45 [22] 

In
te

rv
er

te
b

ra
l 

D
is

c 

Annulus Fibrosus  

S
o

li
d
 

4.2 0.3 [22] 

Nucleus pulposus 3.4 0.45 [22] 

Superior cartilage endplate 2 0.45 [22] 

Inferior cartilage endplate 2 0.45 [22] 

 

Table 2 table properties of ligaments of C2-C3 cervical vertebrae 

 Component Element 

type 

Young's Modulus 

(MPa) 

Poisson's 

ratio 

Cross Sectional 

area (mm2) 

Reference 

L
ig

am
en

ts
 

ALL 

R
o

d
 (

te
n
si

o
n

 o
n

ly
) 15 

0.3 

6.1 [23] 

PLL 10 5.4 [23] 

LF 5 50.1 [23] 

CL 10 46.6 [23] 

SL 1 13.1 [23] 

ISL 4 13.1 [23] 

 

2.3. Boundary conditions and loadings 

Static force analysis was performed by applying 1.0 Nm of flexion, extension, and lateral 

bending moments with 15 N of axial compression applied on the superior to C2. The boundary condition 

was simulated by fixing the inferior surface of the C3 vertebra under constraint of different degrees of 

freedom. The validity of the FE model was verified by comparing the predicted data with the results 

reported in the literature. 

2.4.  Calculation of range of motion 

Vector dot product is the tool used to calculate the range of motion for any physiological 

motion. The following steps shall be followed to calculate the ROMs: 

1- Assign two nodes at the outer boundary of the vertebra. These nodes should be in the plane of 

rotation. 

2-  Get the cartesian coordinate of each node from the 3D software                                                                                              

[ Initial Nodes = (Y1i, Z1i) & (Y2i, Z2i) ]  

3-  Get the displacement values of each node from the output result of FE software. 

4- Get the cartesian coordinates of each node after displacement                                                            

[Displacement Nodes = (Y1d, Z1d) & (Y2d, Z2d)] 

5- Calculate the magnitude value of each vector                                                                                          

M vec1 = ((Y1i - Y2i) ^2 + (Z1i - Z2i) ^2) ^ 0.5 

M vec2 = ((Y1d - Y2d) ^2 + (Z1d - Z2d) ^2) ^ 0.5 

6- From the cartesian coordinates before displacement, assign vec1 = ((Y1i - Y2i), (Z1i - Z2i)) 

7- From the cartesian coordinates After displacement, assign vec2 = ((Y1d - Y2d), (Z1d - Z2d)) 

8- The rotational angle = (M vec1 * M vec2) / (l vec1l * l vec2l) 
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3. RESULT  

FE model validation of the intact C2–C3 cervical vertebrae was analyzed under static loading 

condition and the estimated ROMs were compared with the results of the in vitro studies; Fig. 3. The 

ROMs of our FE model are 3.002, 3.7, 7.98 and 3.37 degree for flexion, extension, lateral bending right 

and axial rotation right respectively. The corresponding physiological motion of the model is shown in 

Fig.4. 

 

 

 

 

 

 

 

Fig. 3 Estimated ROMs is compared to experimental in-vitro studies A) Flexion B) Extension 

C) Lateral Bending Right D) Axial Rotation Right. 

  

  

 

Fig. 4 The physiological motion of C2-C3 cervical vertebrae A) Extension B) Flexion C) 

Lateral bending Right D) Axial Rotation Right. 

 

 

 

A B 

C D 
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4. DISCUSSION  

In this study, we examine the validation of 3D model of an intact C2-C3 cervical vertebrae by 

FE studies regarding the physiological motions. 3D model of C2-C3 cervical vertebrae is imported from 

the site [31] and the geometrical imperfections are treated by ANSYS space claim software. The model 

was modified to generate the main parts of intervertebral disc and vertebrae using solid edge software 

ST8. After that the model was imported to ANSYS 2023 R1 STUDENT EDITION. The ligaments of 

the FE model are constructed and defined as rod connection. Tetrahedron was selected to be the meshing 

element with quadratic order and size equal 1.9 mm. The results showed that our modified 3D model 

of an intact C2-C3 cervical vertebrae is validated with respect to in-vitro study of  [20] but not validated 

with [21]. In comparison with average values of Panjabi et al. study, our FE model behaves 14% and 

17% lower in flexion and lateral bending right. Whereas it behaves 2 % higher in axial rotation and 

reaches the maximum value of extension range. Our findings showed the validation of C2-C3 cervical 

vertebrae regarding the ROMs of the physiological motions after modelling the intervertebral disc, the 

vertebrae, and ligaments.               

The goal of FE modeling of cervical vertebrae is to predict the biomechanical behavior of 

cervical vertebrae before performing the surgery. Additionally, FEA help to find the intervertebral disc 

mechanics, injury mechanism and contribute to the diagnosis of cervical spine problems and treatment 

methodologies. Thus, FE Model may help clinicians in decision making, surgery planning and better 

treatment for patients [19]. However, any study of FEA regarding human vertebrae will not be 

considered until the FE model is validated with respect to the ROMs of in-vitro studies [24 - 29].   

The present study has a couple of limitations, first we have used rods to model the ligaments with a few 

numbers. The approximation of our FE model can be enhanced by increasing the number of ligaments. 

This is preferred as the ligaments in anatomical are spread over the entire connection [30]. However, 

the used number of rods in this study didn’t affect the validity of the model. The other limitation is that 

we cannot perform convergence test of the mesh because of the limitation associated with ANSYS 2023 

R1 STUDENT EDITION.  

 

Conclusions  

The new contributions presented in this study are the commands used to repair the surfaces of 

cervical vertebrae and the procedure of calculating the Range of Motion of the vertebrae. Three-

Dimensional FE model has been modeled using ANSYS 2023 R1 STUDENT EDITION. The FE model 

is validated with respect to the ROMs of the in-vitro study. Tension ligaments shall only be considered 

for any specific physiological motion. Our validated FE model can be used in further orthopedic or 

clinical applications.    
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