
Journal of Engineering Science and Technology 
Vol. 18, No. 3 (2023) 1791 - 1804 
© School of Engineering, Taylor’s University 
 

1791 

MECHANICAL DESIGN AND OPTIMISATION  
OF LUMBAR DISC PROSTHESIS MODEL 

K. Y. SARA LEE1, W. J. TAN1, S. RAMESH2,3,  
ABDULKAREEM SH. MAHDI AL-OBAIDI4                            

1Center of Systematic Innovation Research, Department of Mechanical Engineering, 

Faculty of Engineering and Technology, Tunku Abdul Rahman University of Management 

and Technology, 53300 Kuala Lumpur, Malaysia 
2Center of Advanced Manufacturing and Material Processing, Department of Mechanical 

Engineering, Faculty of Engineering, University of Malaya, 50603 Kuala Lumpur, Malaysia 
3Universiti Tenaga Nasional, Putrajaya Campus, Jalan IKRAM-UNITEN, 43000 Kajang, 

Selangor, Malaysia 
4School of Engineering, Faculty of Innovation and Technology, Taylor's University, 

Taylor's Lakeside Campus, Subang Jaya, Selangor DE, Malaysia 

*Corresponding Author: leeky@tarc.edu.my 

 

 

 

 

 

 

 

 

 

 

 

Abstract 

The effect of dimensions on the safety factor, allowable stress, and deformation 

of the lumbar disc prosthesis model at L4-L5 was investigated. The process 

involved geometry design, meshing, enhancement in element quality, and setting 

of boundary conditions using SolidWorks and ANSYS software. The range of 

motion (ROM) of flexion and extension were measured using SolidWorks Limit 

Angle. Additionally, the direct optimisation method was utilised to determine the 

optimal input parameters and dimensions for the lumbar disc prosthesis model. 

The results showed a wide ROM for flexion and extension of the model, which 

ranged from 20° to -11° when Polyetheretherketone (PEEK) was selected as the 

biomaterial. The distribution of stress and deformation of the model during 

neutral, flexion and extension are presented. An overview of the optimised 

dimensions that satisfied the requirements for safety factor (more than 2), 

allowable stress (70.2 MPa) and deformation (62.11 μm) for the model are 

deliberated. Three optimised input diameters and heights of 10.2 mm x 0.279 

mm, 11.4 mm × 1.591 mm and 13 mm x 1.810 mm were proposed for the lumbar 

disc prosthesis model. The safety factor, maximum stress and deformation of the 

proposed dimensions ranged from 2 to 2.11, 52.32 to 55.12 MPa and 30.14 to 

37.98 μm, respectively. 

Keywords: Deformation, Extension, Flexion, Lumbar disc prosthesis, Optimisation, 

Stress.  
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1. Introduction 

Degenerative Disc Disease (DDD) often results in persistent and incapacitating 

pain in the lower back. One treatment option for DDD is total disc replacement 

surgery, which aims to restore functional motion to the affected area of the spine. 

During the procedure, the damaged disc is removed and replaced with an artificial 

disc, known as a lumbar disc prosthesis [1]. The fundamental unit of the spine, 

known as the Functional Spinal Unit (FSU), is composed of two contiguous 

vertebrae, intervertebral disc that lies between them, and the ligaments and joints 

that interconnect them both structurally and functionally. The lumbar disc, 

located between the lumbar vertebrae in the lower back, is a crucial component 

of the FSU [2].  

A fundamental function of disc prostheses is to enable the relative movement 

of vertebral bodies through slippage between the surfaces of their respective 

components. Design concepts for lumbar disc can be classified into two types: 

constrained and unconstrained designs [3]. Constrained designs are characterized 

by a fixed location of the instantaneous axis of rotation of the intervertebral joint, 

determined by the prosthesis kinematics. On the other hand, unconstrained designs 

rely on the combined action of the prosthesis, ligaments, facet joints, and muscles 

to determine this axis. Constrained designs typically employ a ball-and-socket 

joint, where the axis of rotation passes through the centre of the spherical surfaces 

forming the joint. Examples of constrained designs include the Maverick and 

ProDisc prostheses [4-6]. An example of an unconstrained design is the Charite, 

which operates by means of a mobile core articulating with two opposing bearing 

surfaces anchored to each of the vertebral bodies [7, 8]. 

In general, the lumbar spine consists of five lumbar discs and is located at L1-

L2, L2-L3, L3-L4, L4-L5, and L5-S1, respectively. Specifically, L4-L5 plays an 

important role in supporting the upper body, which are the two lowest vertebrae of 

the lumbar spine [9, 10]. Besides, L4-L5 segment has the highest incidence of 

degeneration [11]. Throughout the years, investigations have been widely carried 

out on lumbar discs located at L4-L5 using finite element analysis (FEA).  Various 

finite element modeling software was used in the analysis of lumbar disc model 

such as SolidWorks[12], ABAQUS [11, 13, 14], Autodesk Fusion 360 [15]  and 

ANSYS [12, 16], where mesh properties, boundary conditions and material 

properties were set. For example, mechanical responses of a shape memory 

polymers intervertebral disc model positioned at L4-L5 were determined using 

analytical methods combined with numerical analysis, FEA with ABAQUS [14]. 

FEA enables the analysis of lumbar spine deformation, stress distribution, and 

strain, thereby obviating the requirement for physical specimens. This method 

employs simulations of manipulations such as flexion, extension, and torsion to 

obtain information about these parameters at any point on the lumbar spine. While 

FEA cannot replace conventional biomechanical investigations, it serves as an 

indispensable and potent supplement to in vitro experiments or biomedical 

applications [12, 17, 18]. 

Rotational range of motion (ROM) such as flexion, extension, lateral bending, 

and axial torsion were commonly assessed to describe the biomechanical behavior 

of the lumbar disc prosthesis. Besides, FEA on stress and deformation in various 

scenarios were often investigated in various studies [19-22]. According to 

literature, typical ROM for L4–L5 reported an average flexion of 13°, extension of 
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-3°, and lateral bending of 3° [23]. In a study [1], implantation of Maverick devices 

at L4-L5 in cadaveric spinal segments resulted in a 5.4° increase in flexion and 

extension, from 10.9° to 16.3°. Alternatively, 100 CHARITE´ demonstrated a 

higher flexion-extension of 9.6° and lateral bending of 5.4° at L4-L5 [24]. For 

ProDisc-L implant, the ROM for flexion and extension was recorded to range from 

4.1 to -7.6° [1].  

The spine is subjected to load resulting from a combination of weight, muscle 

activity, and ligament pull. Posture has a significant impact on the loading of the 

spine, with the muscles causing more depression in a standing position. Typically, 

the center of gravity is located in front of the lumbar spine. The range of loads for 

daily activities with normal motion ranges from 250 N to 950 N, including sitting 

upright with or without support, standing and coughing [25]. These loads were 

applied to simulate the flexion-extension range of motion of a lumbar disc model. 

For instance, a loading force of 300 N was applied to the lumbar disc to simulate 

stress distribution while sitting and side-lying  [12]. On the other hand, a 400 N 

load was applied to a disc prosthesis to simulate the flexion-extension range of 

motion under a physiological compression load [3]. Similarly, a 400 N force was 

loaded onto the lumbar disc to simulate physical standing posture's stress 

distribution and range of motion in daily life [6]. A higher load of 500 N was also 

been used in another study on lumbar disc, with a subject weighing 68 kg to 

simulate various postures [26].  

Recent research and innovation in the field of lumbar surgery have shown 

promising results. However, there is still a significant gap in knowledge on 

identifying the optimal biomaterials and design parameters for lumbar disc 

prostheses. Various engineering materials have been widely studied for a variety of 

biomedical applications including coatings, ceramics, polymers and metals [27-29]. 

However, the most commonly used biomaterials for lumbar disc replacements are 

Titanium (Ti), Cobalt Chromium (CoCr) alloy, Ultrahigh Molecular Weight 

Polyethylene (UHMWPE), Polyurethane Polycarbonate Elastomer (PU-PC),  

silicone and  diamond-like carbon coatings [30]. Some of the popular implants that 

used Co-Cr-UHMWPE as the biomaterials are CHARITE´, Activ-L, and Mobidisc, 

and ProDisc-L. However, CHARITE´, Activ-L, and Mobidisc have experienced 

damage on polyethylene surface, innate periprosthetic inflammation, and 

polyethylene wear debris.  

Besides, ProDisc-L devices also showed metal wear debris and endplate 

impingement [30, 31]. On the other hand, metallic debris was also detected on 

Maverick and Kineflex devices that used CoCr-CoCr [31, 32]. In view of the 

complications triggered by other biomaterials, Polyetheretherketone (PEEK) has 

gained attention as a potential biomaterial for spinal implant applications and 

lumbar disc replacement. PEEK is one of the nontoxic high-performance 

thermoplastics that were extensively employed in various medical applications 

[33]. PEEK exhibits excellent biocompatibility and non-toxic to human body, 

which could prevent the damage to human tissues or cells.  

One of the advantages of PEEK as implant material is its low elastic modulus, 

which is similar to human trabecular bone. Typically, the elastic modulus of a PEEK 

is 3–4 GPa, which is significantly lower than Ti (102–110 GPa). The low elastic 

modulus of PEEK that is closer to human trabecular bone (1 GPa) could minimise 

stress shielding, reduce the risk of bone resorption and implant loosening [34]. Given 
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the potential benefits of using PEEK as implant material for lumbar disc replacement, 

it is crucial to investigate the mechanical behaviour, including stress, deformation, 

flexion and extension motion of PEEK-based lumbar disc prosthesis. 

The objective of this study was to study the stress, deformation, flexion, and 

extension motion of lumbar disc prosthesis model at L4-L5 using PEEK. Besides, 

direct optimisation was employed to identify the optimum parameters for the model 

using FEA with the combinations of SolidWorks and ANSYS.  

2.  Methodology   

2.1.  Geometry design and parameters  

The design of lumbar disc prosthesis model focused on the L4-L5 location. 

SolidWorks software was used for geometry design, and ANSYS software was used 

for the simulation, analysis, and optimisation. The ROM of flexion and extension of 

the model were then measured using SolidWorks Limit Angle. Figure 1 shows the 

general view of the model, which consists of upper and lower parts. This design was 

inspired by the ball and socket human hip joint and synovial joint [35]. The upper 

part consists of the upper endplate with fixation and ball (core), and the lower part 

consists of the lower endplate with fixation and socket. Figures 2(a) and (b) show the 

multiple views of the upper and lower parts of the model, respectively. The width and 

length of the model were set to be 24 and 33 mm respectively, according to the typical 

range of natural lumbar vertebrae and disc [36].  

 

Fig. 1. General view of lumbar disc prosthesis model design.  

Fig. 2. Multiple views of lumbar disc prosthesis  

model design (a) Upper part and (b) Lower part. 

 

                           (a) Upper part.                              (b) Lower part. 

Upper Endplate 

Upper Core 

Lower Socket 

Lower Endplate  
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2.2.  Meshing properties 

The geometry of the design was meshed with an average surface area of 3.09x10−5 𝑚2 

and average element size of 2.17×10−3 𝑚. Table 1 shows the initial and final meshing 

parameters. The final meshed design was improved in average element quality, with a 

maximum element quality of 0.99971. Besides, the number of nodes and elements had 

increased to 488710 and 311088, respectively. The standard deviation was reduced to 

0.126, which contributed to higher accuracy and consistency.  

Table 1. Meshing parameters for initial and final meshing. 

Meshing Parameters Initial Meshing Final Meshing 

Nodes 10813 488710 

Elements 5786 311088 

Average element quality 0.674 0.744 

Standard deviation of element quality 0.154 0.126 

With the aid of element quality chart (Fig. 3), the location of low element 

quality was identified and meshed into finer elements using face sizing, face 

meshing and refinement methods etc. The final meshed design for the model is 

illustrated in Fig. 4. In addition, convergence test was also conducted to achieve an 

allowable change of 5% with h-adaptive refinement loop for better accuracy.  

 

Fig. 3. Element quality chart.  

Fig. 4. Final meshed design of lumbar disc  

prosthesis model (a) Isometric view and (b) Side view. 

 

(a) Isometric view.                              (b) Side view. 
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2.3.  Boundary condition  

The design was based for females aged from 35 to 45 years old, body weight from 

40 to 50 kg and height from 148 to 160 cm. As the average mass of the lower trunk 

of the human body is 22 kg, a load of 216 N was applied to the prosthesis. PEEK 

was used as the material for the lumbar disc prosthesis model, with a Young’s 

Modulus of 3.95 GPa and tensile strength of 110 MPa.  

2.4.  Direct optimisation 

Direct optimisation method was employed to select the best input parameters 

through an iterative process, with the objective of maximising or minimising the 

output parameters. The input parameters for this design are diameter (10-22 mm) 

and height (0.25-2 mm) as in Fig. 5. The optimisation goals (output parameters) 

were set to achieve a maximum value for the minimum safety factor, a minimum 

value for the deformation and Von Mises stresses. The simulation was set to 

generate 30 samples to obtain the optimum diameter and height for model by 

considering the given load and geometry design.  

 

Fig. 5. Height and diameter of lumbar disc  

prosthesis model (a) Side view and (b) Top view. 

3.  Results and Discussion 

The distribution of stress and deformation with the applied load of 216 N was 

demonstrated. The range of motion, including flexion and extension motions, was 

measured and compared with other existing designs. Additionally, stress and 

deformation were generated during flexion and extension motions. As the typical load 

range is between 200 and 950 N for daily activities, a simulation was conducted with 

a load of 950 N to obtain the maximum deformation, maximum stress, and minimum 

safety factor. Direct optimization was used to simulate the dimensions (height and 

diameter) of the lumbar disc prosthesis model that would satisfy the safety factor, 

allowable load, stress, deformation, and geometry design criteria. 

3.1. Distribution of stress and deformation 

Simulation was performed with an applied load of 216 N. The resulting 

deformation of the lumbar disc prosthesis model is presented in Fig. 6, with the 

 

 

 

 

 

 

 

 

 

 

 

(a) Side view.                                 (b) Top view. 

 diameter  

 

height Height 

Diamete

r 



Mechanical Design and Optimisation of Lumbar Disc Prosthesis Model        1797 

 
 
Journal of Engineering Science and Technology               June 2023, Vol. 18(3) 

 

maximum deformation measured at 94.27 μm. This highest deformation was 

detected at the posterior region of the model, which was exposed to a higher 

magnitude of applied load, specifically when the upper endplates were tilted. 

Besides, the deformation of the model showed a decrease trend upon approaching 

to the center of the geometry. It is envisaged that the load was distributed due to 

the support from the ball and socket design from the model. A similar observation 

was also reported in a previous study [37], where maximum deformation occurred 

in the posterior region of the model. On the other hand, the stress distribution of the 

model is depicted in Fig. 7, where the maximum stress was recorded to be 14.6 

MPa. The peak stress was located at the edge of the socket (lower endplate), as 

evidenced by the side and top views of the lumbar disc prosthesis model.  

 

Fig. 6. Deformation of lumbar disc prosthesis model at various locations.  

Fig. 7. Stress distribution of lumbar disc prosthesis  

model (a) Isometric view, (b) Side view and (c) Top view.  

                       

 

 

 

 

                      (a) Isometric view.                           (b) Side view. 

 

 

 

 

 

(c) Top view. 
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3.2.  Flexion and extension motion 

For the current design, the flexion motion of the model was recorded from neutral 

(90°) to 70°, which is 20° as shown in Fig. 8(a) and (b). On the other hand, the 

extension motion of the model was recorded from neutral to 101°, which is 11° as 

in Fig. 8(a) and (c). A summary of flexion and extension motion from various 

model in literature at L4-L5 is shown in Table 2. As compared to these findings, 

current design has a higher range of flexion and extension motion.  

Fig. 8. ROM of lumbar disc prosthesis model  

(a) Neutral position, (b) Flexion and (c) Extension. 

Table 2. Summary of flexion and extension  

at L4-L5 for lumbar disc prosthesis model. 

Design Name Flexion and extension (°) 

Current design 20 to -11  

Typical [23] 13 to -3  

Charite [24] 9.6  

ProDisc-L [1]  4.1 to -7.6  

Maverick [38] 16.3 

Figures 9 and 10 present the original and deformed lumbar disc prosthesis 

model, respectively, during flexion and extension at various angles. The highest 

deformation recorded during flexion and extension was 20.6 μm and 14.02 μm, 

respectively. The maximum deformation during flexion occurred at the anterior 

region of the model, where it experienced a higher load as compared to the posterior 

region. Conversely, the maximum deformation is concentrated at the posterior 

region during extension. The location of the deformation during flexion and 

extension aligns with the findings of a previous study [39], which employed 

titanium alloy as the implant biomaterial. 

Figure 11 illustrates the location and stress distribution of the lumbar disc 

prosthesis model during flexion and extension. The maximum stress recorded 

during flexion and extension was 17.75 MPa and 14.26 MPa, respectively. The 

peak stress was situated at the bottom part of the lower endplate socket edge during 

flexion. Conversely, the maximum stress was detected at the top part of the lower 

endplate socket edge during extension.  

 

 

      (a) Neutral Position.                (b) Flexion.                    (c) Extension.     
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Fig. 9. Deformation of the model during flexion  

motion (a) Isometric view and (b) Side view. 

Fig. 10. Deformation of the model during extension motion. 

Fig. 11. Stress distribution of the model during flexion and extension. 

3.3. Direct Optimisation 

The amount of load that occurs in daily typical activity range between 200 to 950 

N on the lumbar disc [40]. Simulation was conducted with a load of 950 N to obtain 

the maximum deformation, maximum stress and minimum safety factor. At a safety 

factor of 1.61, the maximum allowable stress and deformation were 70.2 MPa and 

62.11 μm, respectively. Direct optimisation was used to simulate the dimension of 

lumbar disc prosthesis model that would satisfy the safety factor, allowable load, 

stress, deformation and geometry design criteria. The objectives with minimum and 

maximum values were defined to obtain the input parameters with the boundary 

conditions of the lower and upper limits of diameter and height.  

 
 

  

               (a) Isometric view.                                     (b) Side view. 

 

 

 

 

 

 

               (a) Isometric view.                                     (b) Side view. 

 

 

                   (a) Flexion.                                              (b) Extension. 
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For the study, 30 different variations were selected according to the limitation 

of the geometry design model. Figure 12 shows the effects of height and diameter 

on the safety factor of lumbar disc prosthesis model. The current study provides an 

overview of the acceptable dimension of the model according to the required safety 

factor. Figures 13 and 14 offer an overview of the acceptable range of dimensions 

according to stress and deformation. From the study, different sets of dimensions 

could be selected according to the required safety factor, stress and deformation 

upon specific applications.  

According to the model and objectives, three different dimensions were 

recommended from the 30 variations as depicted in Table 3. The safety factor of 

the three candidates ranged from 2 to 2.11. Besides, the maximum stress and 

deformation were also found to fulfil the allowable stress (70.2 MPa) and 

deformation (62.11 μm) conditions.  

 

Fig. 12. The effects of height and diameter on  

the safety factor of lumbar disc prosthesis model. 

 

Fig. 13. The effects of height and diameter on the  

maximum allowable stress of lumbar disc prosthesis model. 
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Fig. 14. The effects of height and diameter  

on the deformation lumbar disc prosthesis model. 

Table 3. Optimised input parameters of lumbar disc prosthesis model. 

Diameter 

(mm) 

Height 

(mm) 

Safety 

Factor 

Stress 

(MPa) 

Deformation 

 μ   

10.2 0.279 2.11 52.21 30.14 

11.4 1.591 2.03 54.11 34.92 

13.0 1.810 2.00 55.12 37.98 

4.  Conclusions 

In this work, lumbar disc prosthesis at L4-L5 was successfully modelled and 

simulated when PEEK was used as the biomaterial. The results revealed a wide 

range of motion for flexion and extension from 20° to -11°. In addition, the study 

revealed that maximum deformation occurred at the anterior region during flexion 

but concentrated at the posterior region during extension. The study also offered 

insights into the range of acceptable dimensions for the lumbar disc prosthesis 

model at L4-L5, where three different sets of dimensions were proposed for 

reference. For future work, additional range of motion such as torsion and lateral 

bending could be studied. Besides, biomechanical and stresses of the lumbar disc 

could be investigated for non-osteoporosis and osteoporosis patients.   
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