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ABSTRACT 

Objective: Traction is a valuable treatment for Adolescent idiopathic scoliosis; however, assessing its biomechanical 

effects, particularly with new methods, presents challenges. This study aims to explore the biomechanics using finite 

element analysis, with the goal of enhancing safety and effectiveness. Methods: Based on CT images, two different 

boundary and loads were applied to simulate two traction methods. The effects of these two traction methods on stress 

and deformation of lumbar vertebral bodies and intervertebral discs were compared. Results: Under two traction methods, 

the stress was concentrated on the posterior side. Multi-point traction resulted in higher stress and deformation, and 

concentrated stress on the convex side as well. However, there is some stress concentration on the vertebral arch, which 

may lead to injury. Conclusion: Compared to longitudinal traction, multi-point traction can better reduce stress on the 

vertebral bodies and intervertebral discs, focusing the pulling force on the concave side and achieving greater 

deformation. Multi-point traction might better suit specific patients needing more correction and pressure relief compared 

to longitudinal traction. 
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1. INTRODUCTION  

Scoliosis is one of the most common types of spinal deformities, characterized by a lateral curvature of the 

spine in the coronal plane or a change in the sagittal plane curvature, or sometimes a combination of both, 

resulting in a three-dimensional spinal deformity [1]. The internationally recognized diagnostic criteria for 

scoliosis are established by the Scoliosis Research Society (SRS), which uses Cobb's method to measure the 

curvature of the spine on standing X-ray images, with an angle greater than 10° considered as scoliosis [2]. 

Idiopathic scoliosis is a subtype of scoliosis, and Adolescent idiopathic scoliosis (AIS) belongs to the 

idiopathic category. The prevalence of AIS varies widely in the general population. Qiu et al.[3] found a 

prevalence range of 0.6% to 2.0% for scoliosis in the Chinese population, with 90% of cases being AIS. 

Zheng et al.[4] reported a prevalence rate of 2.4% for AIS, with a higher incidence in girls. Several studies 

have reported the incidence of AIS to be within the range of 1% to 3% [5], with 2% to 3% being the most 

commonly reported values in the literature. AIS primarily affects adolescents aged 10 to 18 years and tends 

to progress during the second growth spurt [6]. AIS poses various risks to adolescents, including spinal 

deformity, restricted mobility, and significant impact on daily life. The physical deformity associated with 

AIS can also lead to psychological disorders in patients, making it an important risk factor for social and 

psychological problems as well as health impairments [7, 8]. Patients with idiopathic scoliosis may require 

lifelong treatment and monitoring, which significantly impacts their growth and development, particularly 

in adolescent patients. 

The lumbar region is a significant part of the spinal column, consisting of five vertebrae located between the 

thoracic spine and the sacrum, and it bears the weight of the upper body. The development of the lumbar 

spine is closely related to the formation of spinal processes, which may influence its motion and function 

[9]. For instance, an excessively large or posteriorly protruding spinal process may compress the lumbar 

nerve roots or spinal cord, causing pain or neurological symptoms. Spinal processes can also lead to 

deformities or abnormalities in the lumbar spine [10]. Therefore, physicians may need to closely monitor the 
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condition of the lumbar spine in patients with spinal processes and devise appropriate treatment plans based 

on individual circumstances. Due to the unknown etiology of AIS, there is no standardized treatment 

approach. Generally, treatment options for AIS include surgical and non-surgical methods. 

For adolescents with early-stage AIS who do not meet the criteria for surgery, a proactive conservative 

treatment approach is recommended [11, 12]. Extensive research and clinical studies have shown that non-

surgical treatment options should be the first choice to prevent progressive changes in curvature [13]. 

Traction is the most commonly used non-surgical treatment for AIS, which effectively relaxes the muscles 

and releases adhesions in the lumbar region. And it also helps correct misalignment, reduce pressure within 

the spinal canal, improve blood supply to the lumbar region, alleviate lower back and leg pain, and restore 

muscle balance on both sides of the spine.  Traction is considered an effective and non-invasive method for 

correcting lumbar scoliosis [14]. Additionally, traction can loosen the soft tissues surrounding the spine, 

increase ligament and facet joint mobility, enhance spinal flexibility, and improve spinal cord tolerance, 

thereby reducing postoperative complications. Preoperative traction is widely recognized as an effective 

adjunctive treatment for severe scoliosis correction [15, 16]. 

With the increasing demand for disease treatment, an increasing number of new traction methods are being 

proposed. The evaluation of its therapeutic effectiveness can be assessed through pain evaluation, functional 

assessment, imaging evaluation, and other comprehensive measures [17]. The SOSORT and SRS Non-

operative Management Committee consensus in 2014 suggested that reporting predicted outcomes and 

providing imaging results during non-surgical treatment studies in the growth phase are strongly 

recommended[18]. However, there is no ideal method to predict treatment outcomes and examine the 

changes in spinal stress and the effects of traction in advance. Traditional experimental methods are difficult 

to directly apply to the study and analysis of human biomechanics due to the complex physiological 

environment and load characteristics. Finite element analysis (FEA) overcomes the limitations of traditional 

mechanical experiments, as it offers accurate, objective, comprehensive, and repeatable mechanical 

performance testing. [19, 20]. 

Currently, FEA has made it an important methodology in the biomechanical research of idiopathic scoliosis. 

In the 1970s, FEA was introduced into biomedical and orthopedic biomechanics research. In light of the 

swift progress in modern computers, FEA has been used in traction analysis. Luis Cardoso [21] conducted 

FEA simulations on a commercially available thermal-mechanical massage bed capable of performing spinal 

posterior-anterior traction. Stress release generated by mechanical therapy was investigated on human 

subject models with different BMI levels. Sicong Wang [22] established models of the L1-L5 lumbar 

vertebrae and a vibration dynamics model to explore the biomechanical effects of head-down tilt (HDT) 

traction combined with vibration therapy on age-related degenerative changes in the lumbar spine. The study 

results demonstrated that the reduction in intradiscal pressure was more effective when vibration was 

combined with traction therapy. Zeinab Kamal et al. [23] used a combined musculoskeletal model and FEA 

to investigate the stress distribution changes in the growth plate of the trunk in adolescent idiopathic scoliosis 

after unilateral muscle paralysis and evaluated muscle strength based on stability in AIS spines.  

Based on previous studies, using finite element simulation to assess the stress changes within the spine during 

traction is achievable.[24] Before its implementation, conducting finite element simulations to calculate the 

stress changes in the scoliotic spine can provide valuable insights into the safety and efficacy of the proposed 

traction method. Assuming that multi-point traction exerts greater and more concentrated tensile stress on 

the vertebral bodies and intervertebral discs (IVDs) compared to single longitudinal traction, it is 

hypothesized that multi-point traction may result in a greater overall deformation for the lumbar spine. 

The usual axial traction may alter the normal anterior curvature of the spine and potentially lead to lower 

back pain [25, 26]. Due to the significance of the lumbar region within the spinal column, this study focuses 

on the lumbar to investigate the biomechanical differences between two non-invasive traction methods. The 

first method is multi-point traction, which involves applying axial traction to the lumbar spine while applying 

an additional lateral force at L2-L4. The second method is axial traction. The biomechanical changes in the 

lumbar spine segments under these two methods are examined. Unlike traditional beds that mainly pull 
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vertically, our study considers two directions. And we used computer simulations for its development, which 

is not only safer and more efficient compared to physical experiments but also aids in the development and 

validation of new traction techniques. 

2. MATERIALS AND METHODS 

2.1. Data acquisition 

The subject of this study is a female （14 years old，45kg）with congenital scoliosis. When the subject was 

CT scanner, the participant was positioned in a supine posture without any external weight applied. A 

scanning interval of 0.75 mm was utilized, and the CT image was processed using Mimics software 

(Materialise, Leuven, Belgium) to generate a 3D model, as shown in Fig. 1. The Ethics Committee of Ningbo 

University approved this study (RH0020230607), and the participant demonstrated a comprehensive 

comprehension of the experimental objectives. 

 

 

Figure 1. Frontal and sagittal plane of the scoliotic spine 

The DIERS Formetric 3D evaluation system (DIERS Formetric, Diers Medical Systems, Chicago, IL) was 

used for assessment. During the evaluation, the patient removes the upper clothing, exposing the back and 

upper buttocks, stands naturally, facing the camera, and positioned within the focal point of the grid. 

Overlapping interference of the grid forms parallel bright bands with wave patterns projected onto the body 

surface, which vary with the contour of the body. The deformation of a single light beam corresponds to the 

three-dimensional shape of the back. These deformations are captured by the camera and used to generate a 

three-dimensional spinal reconstruction model for analysis. Multiple image data are obtained during this 

process as shown in Fig. 2, and the results indicate that the maximum vertebral rotation of the lumbar spine 

is -22° to the left at the second lumbar vertebra, and the maximum lordotic angle ITL-ILS is 16°. 
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Figure 2. Frontal and sagittal plane of the scoliotic spine 

2.2 Building of the three-dimensional solid model 

The CT image underwent segmentation using Mimics 21.0 software (Materialise, Leuven, Belgium) to 

generate a 3D model. Subsequently, the model was imported into Geomagic Studio 2021 (Geomagic, Inc., 

Research Triangle Park, NC, USA) for smoothing and construction of the lumbar ligament. Finally, the 

model was assembled using SolidWorks 2021 software (SolidWorks Corporation, Waltham, MA, USA). 

Then, established the internal anatomy such as cancellous bone, IVDs, endplate, annulus fibrosis, and 

articular cartilage. In this study, the thickness of the endplate is 0.5mm and the thickness of the cortical bone 

is 0.4mm [27]. 

2.3 Material Parameters 

The material parameters for the model in this study are presented in Tab. 1 [28]. An isotropic homogeneous 

linear elastic material is used to define cancellous bone, cortical bone, articular cartilage, endplate, and IVDs. 

Table1. Material parameters of lumbar model. 

 
Young’s Modulus 

(MPa) 
Poisson ratio  Radius（r, mm） 

Cortical bone 12000 0.3  

Cancellous bone 100 0.3  

Annulus fibrosis 4.2 0.453  

endplate 25 0.25  

Nucleus pulposus 1 0.499  

Articular cartilage 50 0.3  

Anterior longitudinal ligament 7.8 0.3 63.7(r4.5) 

Posterior longitudinal ligament 10 0.3 20(r2.52) 

Ligamentum flavum 17 0.3 40(r3.57) 

Interspinous ligament 10 0.3 40(r3.57) 
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Supraspinous ligament 8 0.3 30(r3.09) 

Intertransverse ligament 10 0.3 1.8(r0.76) 

Capsule ligament 7.5 0.3 30(r3.09) 

2.4 Boundary and Loading Conditions 

The mesh was generated using the Mesh tool in Ansys, employing free meshing. Through multiple attempts, 

the model element size was controlled at 0.5 mm, and the local element size was set to 0.3 mm, which 

provided a fine finite element model within the computational capabilities of the computer. 

To examine the variations in the effects of two methods, multi-point traction, and longitudinal traction, a 

finite element model of the lumbar spine was developed., The model consisted of five lumbar vertebrae (L1-

L5), each with pedicles and vertebral arche. The lower endplate of L5 was fixed as a boundary condition, 

and the contact surfaces between the vertebral body models and the IVDs models were defined as tied 

contacts. The interaction between the vertebral body and the facet joint was set to "friction" since sliding can 

occur under certain loads. A friction coefficient of 0.01 was determined considering the presence of synovial 

fluid [29]. Two loading conditions were applied in the model. 

The magnitude of traction force is a direct and significant factor influencing the traction effect. A larger 

traction force can induce greater axial displacement of the IVDs, resulting in better therapeutic effects. 

However, the traction force should not be excessively high to avoid strain on muscles or soft tissues. 

Additionally, during traction treatment, patients usually lie on the traction bed, so the traction force needs to 

overcome frictional forces and the elastic resistance of muscle tissues. It must exceed a certain value to be 

effective. Based on previous studies, the longitudinal traction force was set at 35% of body weight, and the 

lateral pushing force was set at 15% [30, 31]. 

Control Group: A vertical traction force of 35% of body weight (154.35 N) was applied to L1 along the 

positive Z-axis to simulate the axial load in an upright position, as shown in Fig. 3A. 

Simulation group: Firstly, a vertical traction force of 35% of body weight (154.35 N) was applied to L1 along 

the positive Z-axis to simulate the axial load in an upright position. Secondly, a lateral force of 15% of body 

weight (66.15 N) was applied to the model along the X-axis in the direction of the spinal curvature to simulate 

the lateral force acting on the spine in the case of spinal deformity. These loading conditions were 

simultaneously applied to the finite element model during the multi-point traction, as shown in Fig. 3B. 

The differences between the two traction methods were analyzed by measuring the displacement of the 

vertebral bodies and the distribution of stress in the vertebral bodies and IVDs before and after spinal traction. 
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Figure 3. Loading condition of two different traction modes. A： Multi-point Traction, B: Longitudinal Traction. 

2.5 Model Validation 

Given the absence of universally accepted validation criteria for various angles of spinal scoliosis, model 

validation is implemented to assess the accuracy of the modeling procedure. As a result, if the normal lumbar 

spine model demonstrates efficacy, the scoliotic lumbar spine model is deemed valid as well. The L5 vertebra 

is completely fixed, restricting its degrees of freedom in six directions. A vertical load of 400 N is uniformly 

applied on the surface of the L1 vertebra to simulate the upper body mass, and an additional moment of 10 

N ·m is applied to simulate six different conditions: flexion, extension, left lateral bending, right lateral 

bending, left rotation, and right rotation of the lumbar spine. The biomechanical characteristics of the lumbar 

spine under these conditions are calculated [32]. 

3. RESULTS AND DISCUSSION 

3.1 Validation Results 

To assess the range of intervertebral motion under varied loading conditions, the developed model was 

compared with in vitro experiments. This comparison aimed to evaluate the model's accuracy and reliability. 

The results were also compared with the experimental and theoretical data from previous studies, such as 

Yamamoto and Heth [33, 34], under the same loading conditions. As shown in Fig. 4, the average stiffness 

values of this model under flexion, extension, lateral bending, and rotation were in good agreement with the 

reported average stiffness values in the literature. Therefore, the developed three-dimensional finite element 

model is considered effective and reliable and can be applied in clinical research [35]. 
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Figure 4. The relative range of motion of L1-L5 lumbar vertebrae under different working conditions. 

3.2 Vertebral Stress and Deformation of lumbar 

According to the results of the FEA, the equivalent stress values of each vertebral body in the L1-L5 region 

during lumbar traction using the two methods are shown in Fig. 5. It can be observed that under both traction 

methods, the equivalent stress values initially increase, then decrease, and then increase again from L1 to 

L5. The maximum stress value is observed at L5, while the minimum stress value during longitudinal traction 

is at L1, and for multi-point traction, it is at L3. 

The stress distribution in the vertebral bodies of L1-L3 is similar. Under both traction loads, the stress 

variation in the scoliotic vertebral bodies is similar and mainly concentrated on the concave side of the 

vertebrae, as shown in Fig. 5. 

The main difference in stress distribution between the two traction methods is observed at L4 and L5. Aside 

from the observed stress concentration on the concave side of the lumbar spine, multi-point traction also 

induces increased stress on the convex side of the lumbar spine. 

Under different simulated traction methods, the displacement of the lumbar vertebrae also varies. As shown 

in Figure 6, both traction methods result in a similar decreasing trend of vertebral displacement from L1 to 

L5. Under longitudinal traction, the specific displacement values for L1 to L5 are 0.58 mm, 0.51 mm, 0.43 

mm, 0.35 mm, and 0.02 mm, respectively. However, multi-point traction leads to greater vertebral 

displacement compared to longitudinal traction. Under multi-point traction, the specific displacement values 

for L1 to L5 are 1.83 mm, 1.54 mm, 1.21 mm, 0.85 mm, and 0.05 mm, respectively.  
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Figure 5. Stress distribution of vertebral in AIS lumbar under two different traction modes. M： Multi-point traction, L: 

Longitudinal traction. 

3.3 Intervertebral Disc Stress 

The maximum stress on the IVDs caused by the two traction methods is shown in Fig. 6. With both traction 

methods, the maximum stress on the IVDs occurs at IVD1, while the minimum stress occurs at IVD4. 

The stress distribution on the IVDs caused by the two traction methods is shown in Fig. 6. The multi-point 

traction method results in higher stress on all four IVDs compared to the longitudinal traction method, and 

the stress is primarily concentrated on the posterior side of the IVDs. 

Under longitudinal traction, the stress on IVD1 and IVD2 is primarily concentrated on the posterior side of 

the concave region. However, under multi-point traction, stress is concentrated on the posterior side of both 

the convex and concave regions. For both methods, there is stress concentration on the posterior side of IVD3 

bilaterally, but under multi-point traction, there is also stress concentration on the anterior side of IVD3. 
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Figure 6. Equivalent Stress and Stress distribution of IVDs in AIS lumbar vertebrae under two different traction modes. A： 

Multi-point traction, B: Longitudinal traction. 

3.4 Discussion 

This study compared the stress levels and distribution in the lumbar vertebrae and IVDs, as well as the overall 

displacement of the lumbar spine, between multi-point traction and single longitudinal traction. It was found 

that multi-point traction is more effective in alleviating pressure on the concave aspect of the lumbar 

vertebrae and produces more corrective effects. The findings of the research suggest that multi-point traction 

may achieve better clinical outcomes compared to single longitudinal traction. 

A stable mechanical environment of the vertebral bodies plays a crucial role in maintaining normal lumbar 

function [17] and bearing the majority of compressive loads from the upper body. When vertebral body 

injuries occur, it can lead to changes in the stress distribution of the corresponding IVDs annulus fibrosus, 

with decreased stress on the anterior side and increased stress on the posterior side [36]. The results of this 

study suggest that under multi-point traction, the FEA shows a concentrated distribution of stress in the 

posterior vertebral bodies and IVDs annulus fibrosus of the convex side of the scoliotic lumbar, while the 

stress distribution in the anterior vertebral bodies is more uniform, without concentration. This indicates that 

multi-point traction is more effective in relieving pressure on the convex side of the scoliotic lumbar. This 

may be because multi-point traction not only provides longitudinal tension but also provides lateral thrust, 

allowing for better relaxation of lumbar spine twisting and bending, thereby improving lumbar function [17]. 

However, the vertebral arch is a bony structure located on the dorsal side of the vertebral bodies, connecting 

the pedicles to form the vertebral arch. Due to its relatively thin structure, the vertebral arch is susceptible to 

fractures or injuries caused by external impact or excessive bending stress [37]. Under multi-point traction, 

there is a concentration of stress in the vertebral arch, which may potentially lead to vertebral body damage. 
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Multi-point traction can utilize combined force traction to reduce the weight force of longitudinal traction, 

thereby decreasing the discomfort associated with traction. In comparison to commonly used clinical 

methods such as self-suspension traction, where the patient's body weight is used as the traction force, or 

other methods like cranial gravity traction, halo pelvic traction, or skull traction on the greater trochanter, 

which apply traction forces at 50% to 70% of the patient's body weight, multi-point traction reduces the 

longitudinal traction force to only 25% to 35% of the patient's body weight. This reduction in force helps 

alleviate discomfort caused by excessive longitudinal traction, including soreness in the upper limbs, 

shoulder fatigue, lumbar discomfort, breathing difficulties, abdominal pain, nausea, vomiting, and abnormal 

sensations in the lower limbs [38]. 

In this study, a low traction force was used, which compared to a high traction force, the small force combined 

traction exerted a milder tension on the ligamentous tissues. This gentle approach is less likely to trigger 

muscle tension responses and can better facilitate the relaxation of spasmodic or tense muscles, maintaining 

relative stability and balance of the spine. It allows patients to undergo treatment in a relaxed state, which is 

more conducive to muscle spasms and pain relief, thereby improving the effectiveness of the treatment. 

Moreover, the comprehensive relaxation of the muscles in the lumbar region is an important factor affecting 

the effectiveness of traction therapy. In clinical practice, many patients experience aggravated pain 

symptoms during and after traction due to muscle spasms and excessive traction force. The use of high-force 

intermittent traction can excessively stretch the ligamentous tissues, disrupting the relative stability and 

balance of the spine, and potentially causing strain to soft tissues such as the paraspinal muscles and fascia, 

leading to discomfort. 

However, this study has several limitations. The single-subject approach is a commonly used research design 

in FEA, as the finite element model is based on the anatomical structure of a single subject and may not 

accurately represent anatomical variations among different individuals. Therefore, further research is needed 

to develop more robust modeling techniques that can account for individual anatomical differences and better 

capture the complexity of the human body. Additionally, the finite element model did not consider the 

influence of muscles on the spine [39], and the material properties used were based on linear material 

behavior. Thus, further improvements are necessary in terms of finite element material data and muscle 

simulation to enhance the accuracy of the FEA [40]. 

4. CONCLUSIONS  

Compared to single longitudinal traction, multi-point traction can concentrate the pulling force more on the 

concave side of the lumbar vertebrae, reducing the pressure on the vertebral bodies and IVDs, and resulting 

in greater deformation. However, there is also some stress concentration on the vertebral arch, which may 

lead to injury. Therefore, multi-point traction may be more suitable for patients who require greater 

corrective.  
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