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Abstract: For patients recovering from spinal diseases, ordinary seats often lack support and 

correction functions, which can easily lead to problems such as spinal curvature and lumbar 

disc herniation. The study uses MediaPipe to recognize postures and perform 3D graphics 

modeling, combined with finite element analysis to simulate the coordinated work of the 

patient’s muscles, bones, and joints, and optimize the design of ergonomic orthosis. First, 

MediaPipe Pose is used for posture recognition to capture the key point coordinates of the spine 

and joint positions and obtain dynamic data of the patient’s sitting posture. Next, a 3D model 

of the patient’s skeleton and spine is built, and the bone structure is generated based on the 

posture data and refined with ZBrush. Then, a finite element analysis is performed using 

ANSYS Workbench, and the stress distribution of the spine under the patient’s weight and 

different sitting pressures is simulated. The orthopedic seat’s geometry and support area 

distribution are optimized, and adjustment functions are added to improve adaptability. The 

data results show that the MSE (Mean Square Error) of the optimized spinal curve deviation is 

only 0.0009; the maximum stress of the intervertebral disc is reduced from 56.1 MPa to 42.4 

MPa; the area of the high-stress area is reduced to 12.4cm²; the stress uniformity is improved 

by 28.1%; the local pressure is reduced by 24.6%. The designed method can significantly 

reduce the patient’s spinal deviation rate, relieve seat pressure, and have a good rehabilitation 

auxiliary effect. 

Keywords: biomechanics and ergonomics; graphic design; spinal rehabilitation; pose 

recognition; finite element analysis 

1. Introduction 

With the rapid development of modern society, the long-term sedentary work 

mode has led to a significant increase in the incidence of spinal health problems. Long-

term computer operation in the office environment and unreasonable seat design is 

prone to cause diseases such as lumbar disc herniation and spinal curvature [1–3], 

which seriously affect the quality of life of patients and bring heavy social and 

economic burdens [4,5]. Existing studies have shown [6,7] that traditional seats are 

unable to meet the needs of patients due to the lack of adequate spinal support [8,9] 

and personalized correction functions [10,11], which delays the rehabilitation process. 

Posture adjustment and correction are key links in rehabilitating spinal diseases 

[12,13], but the existing orthopedic seat design has failed to solve this problem 

effectively. Based on the biomechanical needs of patients, designing a seat with both 

support and correction functions has become a hot topic that needs to be solved 

urgently. 

Some researchers have begun to try to improve the design of orthopedic seats 

through different research approaches to make it more ergonomic. Wang et al. [14] 

proposed a seat design that combined Spiking neural network and pressure sensing 

technology, using seat surface pressure sensors to monitor sitting posture in real-time 
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and automatically adjust the seat’s tilt angle and height through a feedback 

mechanism. De Mare Lieke et al. [15] developed a seat that can automatically adjust 

support according to individual needs through dynamic analysis of human sitting 

posture and combined with the use of flexible materials. Combining the vibration dose 

value and the maximum transient vibration value, Teron et al. [16] developed a three-

layer ANN (Artificial Neural Network) model to precisely adjust the seat parameters 

of bus passengers and improve comfort. In response to the shortcomings of existing 

flat armchairs, Nooraziah et al. [17] used a combination of neural networks and MLR 

(Multiple Linear Regression) for predictive analysis in 2024 and successfully 

developed a new ergonomic chair. Although such research [18,19] has made some 

progress, most solutions rely on static sitting data and fail to fully consider the human 

body’s posture changes and individual differences in an active state [20,21]. 

Researchers such as Math [22] and Ahmed [23] tried to optimize seat design by 

combining traditional mechanical models, but their methods still have certain 

limitations and cannot meet the needs of different patients in different situations [24]. 

Overall, existing research has not effectively solved the problem of optimizing the 

design of rehabilitation patient seats through dynamic adaptability and personalized 

adjustment. 

Recently, some studies have combined advanced technologies such as 3D 

modeling and biomechanical analysis to try to improve the intelligence and 

personalization of orthopedic seat design. Combining 3D human body scanning and 

finite element analysis, Igor et al. [25] precisely modeled the patient’s bones, muscles, 

and joints and simulated the impact of the seat on the spine under different sitting 

postures, thereby optimizing the seat shape and support point distribution. In 2021, 

Mark et al. [26] proposed a posture recognition method based on virtual reality (VR) 

technology, combined with finite element analysis to adjust the hardness and tilt angle 

of the seat in real-time to adapt to different human needs. Sidrah [27] and Lepora [28] 

and other researchers applied convolutional neural networks (CNN) to posture 

recognition and seat adjustment processes, and used algorithms to monitor and provide 

feedback on the patient’s dynamic sitting posture in real-time. Existing studies have 

shown that 3D modeling [29,30] and biomechanical simulation [31–33] can provide 

more accurate data support for seat design, but there are still problems of insufficient 

adaptation to individual differences [34–36] and lack of adjustment ability during 

dynamic rehabilitation [37,38]. 

In recent years, the application of biomechanics in graphic design and ergonomic 

optimization has made significant progress, especially in the areas of seat design and 

spinal health. Dong et al. [39] studied the impact of sitting posture on spinal vibration 

behavior, revealing the role of foot and calf positioning on spinal health, and 

emphasizing the synergistic effects of different body parts on spinal load. Habegger et 

al. [40] proposed a design for a high-static, low-dynamic seat cushion, which reduces 

friction and optimizes pressure distribution, thus improving comfort during prolonged 

sitting. Kyeong [41] analyzed the impact of chair tilt functions on users’ 

biomechanical signals and comfort, providing a quantitative relationship between seat 

design and ergonomic signals. Singh et al. [42] applied a hybrid artificial neural 

network and genetic algorithm approach to analyze real-time vibration exposure 

during mini combine harvester operations, exploring the impact of vibration on the 
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operator’s spine. Alshehri et al. [43] examined hip and spine coordination in 

individuals with acute low back pain during unstable sitting, investigating how seat 

design can mitigate the negative effects of poor coordination. Wang et al. [44] 

explored the influence of seat back angle on seat design for autonomous vehicles, 

offering new insights into seat design for highly automated vehicles. Based on the 

integration of MediaPipe posture recognition and finite element analysis, this paper 

proposes an innovative spinal correction seat design, aimed at optimizing posture 

adjustments and pressure distribution for patients in rehabilitation, with high practical 

application value and socio-economic impact. Through precise spinal curve 

optimization and stress distribution simulation, this design effectively reduces spinal 

deviation and intervertebral disc pressure, decreases high-pressure areas, and improves 

the comfort and adaptability of the seat. It provides a new supportive solution for 

rehabilitation treatment, fills the gap in current research on personalized spinal 

correction seats, and offers theoretical and practical support for future seat design and 

rehabilitation technology applications. 

This study applies a new design scheme that integrates MediaPipe posture 

recognition, 3D modeling, and finite element analysis to optimize the design effect of 

spinal disease rehabilitation seats. First, a high-resolution RGB (Red, Green, Blue) 

camera and MediaPipe Pose model are used to collect and process patient sitting 

images. The data is smoothed by Kalman filtering; the coordinate system is 

standardized; outliers are cleaned to ensure data continuity and accuracy. Based on the 

cleaned data, an elastic body mechanics model considering the flexibility of the 

intervertebral disc is established through three-dimensional modeling and finite 

element analysis; the interaction force between the spine and the intervertebral disc is 

simulated; a detailed three-dimensional model of the spine and muscles is constructed. 

After the model is constructed, finite element analysis is performed using ANSYS; 

material properties are defined, and boundary conditions and loading modes are set; 

the stress distribution of the spine in different sitting postures is analyzed, and the 

pressure points in the lumbar spine and sacral area are focused on. Finally, based on 

the stress distribution analysis results, SolidWorks is used to optimize the geometric 

shape of the orthopedic seat, including adjusting the backrest curvature, increasing the 

local support thickness, applying the spinal curve fine-tuning function, optimizing the 

seat cushion design, and selecting suitable surface materials. At the same time, 

modular adjustment functions are added, including personalized adjustment of the 

backrest angle, seat cushion height, and lumbar support force, to improve the 

adaptability and comfort of the seat. The main contributions of this paper are: 

Comprehensive use of high-resolution RGB cameras and MediaPipe Pose models 

combined with Kalman filtering technology can achieve accurate sitting posture data 

collection and processing. 

For the first time, the elastic body mechanics and contact mechanics models are 

applied to the simulation analysis of the intervertebral disc and spine, and the stress 

distribution of the spine under different sitting postures is accurately evaluated through 

three-dimensional modeling and finite element analysis. 

A modular orthopedic seat based on stress distribution optimization is applied, 

considering the optimization of pressure points in the lumbar and sacral areas, 

significantly improving the adaptability and comfort of the seat. 
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2. Ergonomic orthopedic seat design based on graphics 

optimization 

2.1. Posture recognition and data acquisition 

MediaPipe is an open-source, cross-platform framework designed for efficient 

real-time computer vision tasks. The framework uses Convolutional Neural Networks 

(CNNs) to extract key points and features from images, combined with a graph-based 

pipeline structure that allows multiple data flows and models to be processed in 

parallel. The core modules of MediaPipe include model inference, image 

preprocessing, post-processing, and result output. In the task of posture recognition, 

deep neural networks are used to predict the positions of the human body’s key points 

in real time. During processing, image data is first standardized and adjusted by the 

preprocessing module, then passed through the neural network for inference, 

outputting coordinate data. To achieve efficient real-time processing, MediaPipe 

introduces a graph computing model, dividing different processing steps into multiple 

nodes, each responsible for a specific task. This modular and parallel approach 

optimizes computational efficiency. Additionally, MediaPipe uses efficient memory 

management and hardware acceleration techniques to ensure performance across 

different devices. With this optimized design, MediaPipe provides high-precision and 

high-efficiency posture recognition, widely used in human motion capture, posture 

analysis, and other fields. 

In this study, the MediaPipe Pose model is used to perform posture recognition 

of patients’ sitting positions. This model can accurately extract the three-dimensional 

coordinates of the spine, pelvis, and major joints, providing high-resolution dynamic 

posture data. To ensure the accuracy and reliability of the data, several optimization 

measures are taken. First, a high-resolution RGB camera is used to capture images, 

and the collected posture data is smoothed using a Kalman filter, reducing coordinate 

fluctuations caused by dynamic movements or external environmental factors. To 

eliminate the influence of individual differences, all sitting posture data is standardized 

and normalized relative to the center of the pelvis using a unified coordinate system, 

enhancing the consistency and comparability of the data. Furthermore, during the data 

cleaning phase, outliers are removed to ensure the continuity of the data. The overall 

sitting posture visualization extracted by MediaPipe Pose is shown in Figure 1. 

 

Figure 1. Sitting posture extraction based on MediaPipe pose. 

Since the initial posture data often contains noise and inconsistency, data cleaning 
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is used to remove outliers and ensure data continuity. The collected data is converted 

into a standardized file format to facilitate the subsequent 3D modeling and finite 

element analysis process. In the analysis of the sitting posture problem, the critical 

points of the spine are fitted to evaluate their deviation from the standard anatomical 

curve, thereby identifying possible deviation and curvature problems of the spine. At 

the same time, by analyzing the angle changes between the key points, potential patient 

posture problems are further determined, including spinal anteversion and posterior 

tilt, as shown in Figure 2. 

 

Figure 2. Analysis of spinal deviation. 

2.2. Graphical modeling and mechanical analysis 

Considering the flexible characteristics of the intervertebral disc, the study uses 

an elastic body mechanics model to simulate it. By applying the strain energy function, 

the stress-strain relationship of the intervertebral disc is expressed by the following 

generalized Hooke’s law: 

𝐸𝜎 = 𝜎(𝑥) = ℂ: 𝜀(𝑥) (1) 

σ(x) is the stress tensor of the intervertebral disc material at position x; ℂ is the 

elastic tensor of the intervertebral disc; ε(x) is the strain tensor at this position. The 

strain tensor ε is obtained by the following strain-displacement formula: 

𝜀 =
1

2
(𝛻𝑢 + (𝛻𝑢)𝑇) (2) 

Among them, u  represents the displacement field; ∇u  is the displacement 

gradient; (∇u)T is its transpose. The derivative of the displacement field calculates the 

strain tensor and reflects the deformation inside the intervertebral disc. The anisotropy 
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of the elastic material is realized by the elastic tensor ℂ in the stress-strain relationship, 

which varies in different areas of the intervertebral disc. Considering the interaction 

between the intervertebral disc and the spinal bones, the contact force between the 

spine and the intervertebral disc is described by the contact mechanics’ model: 

𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡(𝑥) = ∫𝑘(𝑥)(𝑑(𝑥) − 𝑑0)𝑑𝛤
𝛤

 (3) 

Fcontact is the resultant force in the contact area between the intervertebral disc 

and the spinal bones; Γ is the contact surface; k(x) is the contact stiffness coefficient, 

which represents the contact surface’s stiffness change; d(x) is the local deformation 

of the contact surface at position x; d0 is the initial contact distance. The nonlinear 

characteristics of the contact force model are reflected in the change of the contact 

stiffness k(x) with the compression deformation. The contact stiffness is zero in the 

non-contact state and increases with the compression increase in the contact state. A 

preliminary bone model is constructed after using MediaPipe Pose to obtain the 

coordinate data of the critical points of the spine and joints. The critical point data is 

imported into the 3D modeling software to generate a rough framework of the spine, 

and the reverse modeling technology is used to refine the bone structure further. By 

scanning the existing anatomical data and combining the patient’s individual posture 

data, a three-dimensional model that conforms to the actual physiological structure is 

created: starting from the basic morphology of the spine, based on the posture data, 

the bone generation tool in the CAD (Computer-Aided Design) software is used to 

refine the geometry of each vertebra, as shown in Figure 3. 

 

Figure 3. 3D modeling of the spinal cone morphology. 

ZBrush is used for surface refinement to improve the model’s detail accuracy and 

surface smoothness. The bone surface is refined on the basis of maintaining the 

original morphology, removing any irregular shapes and geometric defects in the 

model, and presenting details such as intervertebral discs, spinal protrusions, and joint 

spaces, as shown in Figure 4. 
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Figure 4. Refinement of the skeletal spinal cone morphology based on ZBrush. 

The critical point data and 3D modeling results collected based on MediaPipe are 

imported into ANSYS. The geometric model includes the spine, intervertebral disc, 

pelvis, and surrounding soft tissues. The contact relationship between the bone and the 

intervertebral disc is defined as surface-to-surface contact, and the initial gap of the 

contact surface is Δ0 = 0.5mm . The model is meshed with high quality using an 

adaptive meshing strategy. The critical stress area of the spine (interface between the 

annulus fibrosus and the vertebra) is locally meshed; the unit size is controlled at h ≈

0.5mm ; the mesh quality evaluation index is: Skewness =
V−Videal

Videal
<

0.2, Aspect Ratio < 3.5. Among them, V is the actual mesh unit volume; Videal is the 

ideal unit volume; the final total number of mesh units is 2.6 × 106. 

Material parameters are assigned according to the biomechanical properties of 

the spine, where the vertebrae are isotropic linear elastic materials, defined as: 

Ebone = 12GPa, νbone = 0.3 . The annulus fibrosus of the intervertebral disc is a 

biaxial tensile model, and the elastic modulus is: Efib = 4MPa, νfib = 0.45 . The 

nucleus pulposus of the intervertebral disc is a quasi-liquid material, defined as: 

Enucleus = 1MPa, νnucleus = 0.49. When simulating the patient’s sitting posture, the 

bottom of the pelvis is fixed to limit the degree of freedom. The constraint conditions 

are: 

𝑢𝑥 = 𝑢𝑦 = 𝑢𝑧 = 0, ∀𝑟 ∈ 𝛺𝑝𝑒𝑙𝑣𝑖𝑠 (4) 

Here, Ωpelvis is the pelvic bottom area. At the same time, symmetric constraints 

are set for both hip joints to reduce non-physical deformation. Static and dynamic 

loads are applied according to the patient’s weight and sitting posture characteristics: 

{
𝐹𝑧 =

𝑊

𝐴𝑝𝑒𝑙𝑣𝑖𝑠
, 𝐴𝑝𝑒𝑙𝑣𝑖𝑠 = 𝜋𝑅2

𝑝(𝑥, 𝑦, 𝑡) = 𝑝0(1 + 𝛼𝑠𝑖𝑛(2𝜋𝑓𝑡))

 (5) 

Among them, R  is the equivalent radius of the pelvic contact area; p0  is the 

average load density; α is the amplitude coefficient; f is the dynamic frequency, and 

f = 0.5Hz is taken. The stress concentration area is calculated using the Von Mises 

stress formula: 
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𝜎𝑉𝑀 = √
1

2
[(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2] (6) 

Here, σ1, σ2, and σ3 are the principal stresses. At the same time, 3D simulation 

of muscles and intervertebral discs is further added. According to the patient’s 

individual data, the geometric structure of the back muscles is generated by the 

modeling software. A modeling method based on muscle mechanics is used to simulate 

the distribution of muscles and their relationship with the spine and bones. The stress-

strain relationship of muscle fibers represents the mechanical properties of muscles. 

The starting and ending points of each muscle, the direction of the muscle fibers, and 

the tension distribution of the muscles are set, and the contraction force of the muscles 

is described by the Lagrangian mechanics model, as shown in Figure 5. 

 

Figure 5. Geometric modeling of back muscles. 

Assuming that the mechanical behavior of the back obeys the Hill model, its 

expression is: 

𝐹𝑚 = 𝐹𝑚𝑎𝑥 × (
𝐿

𝐿𝑜𝑝𝑡
)𝑛(1 −

𝐿

𝐿𝑚𝑎𝑥
) (7) 

Among them, Fm  represents the force generated by the muscle; 𝐹𝑚𝑎𝑥  is the 

maximum force generated by the muscle; 𝐿 is the current length of the muscle; Lopt is 

the optimal working length of the muscle; 𝐿𝑚𝑎𝑥 is the maximum stretch length of the 

muscle; n is a parameter, which is set to 2.5 in the study. 

2.3. Orthopedic seat design and optimization 

The finite element analysis based on ANSYS Workbench provides stress 

distribution data for optimizing the seat support area. The study further identifies the 

stress concentration areas of the spine under different sitting postures and weights, 

focusing on the pressure points in the lumbar spine and sacrum areas. The analysis 

results show that the stress distribution of traditional seats in these areas is uneven, 

and there are obvious high-pressure areas. Such high-pressure points are an essential 

factor that worsens patients’ spinal problems. The visualization is shown in Figure 6. 
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Figure 6. Simulation of the high-pressure area on the patient’s back. 

Then, SolidWorks is used to optimize the seat geometry based on the simulated 

stress distribution data. In the seat back area, the curvature and shape of the backrest 

are adjusted to ensure that it can provide more uniform support in the lumbar spine. 

After the adjustment, the backrest is thickened in some areas to enhance the support 

strength for the waist. At the same time, a fine-tuning function that conforms to the 

natural curve of the human spine is applied, so that the seat can automatically adapt to 

the patient’s sitting posture. The optimization of the seat cushion part is to add an 

adjustable support plate to meet the needs of different patients, and the contact area of 

the buttocks and thighs adopts an ergonomic wave design to achieve a better pressure 

distribution effect. The seat surface material uses high-elastic polymer and memory 

foam material to ensure that local pressure can be effectively relieved when sitting for 

a long time. High-elastic polymer is used in the seat’s key support areas, including the 

lumbar spine and back support modules. The material can provide sufficient support 

when the patient sits down and quickly recovers to its original state when standing up 

to avoid support deformation. The memory foam material is used on the contact 

surface between the seat cushion and the backrest, and its shape is dynamically 

adjusted according to the patient’s weight and sitting posture to reduce the discomfort 

caused by long-term use. The seat’s overall design and adjustment process are shown 

in Figure 7. 

 

Figure 7. Orthopedic seat design and optimization process. 
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At the same time, modular adjustment is applied in the design to personalize the 

backrest angle, seat cushion height, and lumbar support. The backrest angle can be 

adjusted from 15 to 30 degrees to adapt to different spinal curvatures and patients’ 

sitting posture requirements. The seat cushion height and front and back position can 

be fine-tuned according to the patient’s leg length and sitting depth to ensure that the 

knees maintain a suitable angle with the ground to avoid poor blood circulation in the 

lower limbs due to long-term sitting. The lumbar support module adopts an adjustable 

air pressure design. After collecting patient imaging data every day, the support 

hardness of the lumbar area is adjusted to relieve discomfort caused by spinal 

deformation and excessive pressure. 

3. Design evaluation 

3.1. Spinal curve deviation rate 

The design of this experiment aims to assess the impact of ergonomically 

optimized orthotic seats based on biomechanical principles on patients recovering 

from spinal diseases, particularly in terms of spinal correction, stress distribution 

optimization, pressure relief, and rehabilitation support. The participants are patients 

aged between 18 and 65 who are in the recovery phase from various spinal disorders, 

including lumbar disc herniation, scoliosis, and age-related spinal degeneration. 

Inclusion criteria for participants are as follows: 1) patients diagnosed with spinal 

diseases and in the recovery phase, who have not undergone other orthopedic 

treatments; 2) participants in good physical health, capable of participating in sitting 

posture simulations and using the seat; 3) no severe cognitive impairments or other 

health issues that could affect participation. Exclusion criteria include: 1) individuals 

with active spinal tumors or infections; 2) patients unable to maintain a stable sitting 

posture during the experiment; 3) individuals with severe other orthopedic conditions 

or mental disorders that may interfere with the experimental results. 

A randomized controlled trial (RCT) design is employed. All participants will 

first undergo baseline assessments, including spinal curve deviation rate, 

electromyography (sEMG) data collection, and pressure distribution testing. After 

adequate rest and acclimatization, participants will undergo a 28-day seating test. 

During the experiment, MediaPipe Pose technology will be used to monitor each 

participant’s sitting posture in real time, collecting posture data from key points along 

the spine and constructing a 3D skeletal model based on this data. Finite element 

analysis (FEA) will be performed to simulate the stress distribution in the spine under 

different sitting postures, focusing on the stress concentration areas of the 

intervertebral discs and spinal bones. The experiment will also measure pressure 

changes in the lumbar and sacral regions under different sitting postures to assess the 

effectiveness of the optimized seat in alleviating localized pressure. 

Throughout the experiment, all participants will use the seat in a standardized 

environment and undergo regular posture assessments and physiological feedback 

monitoring. The experiment controls for variables in participants’ sitting postures, 

including normal sitting, forward-leaning sitting, and slouched sitting, to 

comprehensively analyze the seat’s performance under different conditions. The 

orthotic seat used is a customized design based on biomechanical analysis, 



Molecular & Cellular Biomechanics 2025, 22(2), 984.  

11 

incorporating adjustable support areas and a flexible pressure distribution system to 

maximize comfort and promote spinal health recovery. 

Data collection includes baseline and post-experiment physiological data (such 

as spinal curve deviation, stress distribution, and localized pressure) as well as muscle 

activity data monitored through sEMG. In addition, all participants will complete a 

satisfaction survey at the end of the experiment, evaluating support, stability, comfort, 

and other aspects. The experimental data will be processed using statistical analysis to 

assess the effectiveness of the optimized design in promoting patient recovery, 

particularly in reducing spinal deviation, alleviating localized pressure, improving 

muscle fatigue, and enhancing comfort. 

MediaPipe Pose is used to extract the coordinate data of the key points of the 

patient’s spine before and after sitting. The curve change trend is calculated by 

comparing the deviation between the key points and the standard anatomical curve 

position. The change in the deviation rate is quantitatively analyzed by piecewise 

linear fitting to evaluate the effect of the seat on correcting the spinal curve. The results 

are shown in Figure 8. 

 

Figure 8. Deviation of the spinal curve. 

Through standardization, the unit difference caused by factors such as different 

body shapes and spinal lengths is eliminated using dimensionless deviation values. 

The horizontal axis of Figure 8 represents the index of the critical points of the spine, 

which identifies the data points at different positions on the spine. The vertical axis 

represents the curve deviation value, which is dimensionless and reflects the degree of 

deviation between each key point and the standard anatomical curve. The standard 

anatomical curve is the ideal spinal morphology. The curve before optimization shows 

a large deviation (MSE = 0.0139), while the optimized curve shows a smaller deviation 

(MSE = 0.0009), indicating that the spinal morphology is significantly improved. 

3.2. Stress and force evaluation 

The finite element model of the patient’s spine and surrounding tissues is 

constructed using ANSYS Workbench to simulate the stress distribution under 
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different sitting postures and weight conditions, focusing on the stress concentration 

areas of the intervertebral disc and bones. The optimized seat geometry and support 

point distribution, as well as their influence on the area of high-stress areas, 

distribution uniformity, and local pressure, are analyzed. The results are shown in 

Table 1. 

Table 1. Stress distribution and force evaluation. 

Area 
Max stress before 

optimization (MPa) 

Max stress after 

optimization (MPa) 

High-stress area 

(𝒄𝒎²) 

Stress distribution 

uniformity (%) 

Local pressure 

relief (%) 

Lumbar area 65.3 48.7 −15.2 +25.3 −19.3 

Intervertebra

l disc 
56.1 42.4 −12.4 +28.1 −24.6 

Upper back 

area 
45.8 38.1 −9.7 +30.4 −16.8 

Lower back 

area 
52.6 45.3 −13.1 +28.4 −13.8 

Sacral area 59.2 51.5 −14.3 +22.5 −12.9 

The results in Table 1 show that the optimized orthopedic seat significantly 

improves the stress distribution in each area. The maximum stress in the lumbar area 

is reduced from 65.3 MPa to 48.7 MPa; the area of the high-stress area is reduced by 

15.2cm²; the stress uniformity is improved by 25.3%; the local pressure is reduced by 

19.3%. The maximum stress of the intervertebral disc is reduced from 56.1 MPa to 

42.4 MPa; the area of the high-stress area is reduced by 12.4cm²; the stress uniformity 

is improved by 28.1%; the local pressure is reduced by 24.6%. The maximum stress 

in the upper back is reduced from 45.8 MPa to 38.1 MPa, and the stress uniformity is 

increased by 30.4%. Although the maximum stress in the lower back decreases 

slightly, the local pressure is relieved. The improvement in the sacral area is small, 

with the maximum stress reduced from 59.2 MPa to 51.5 MPa; the area of the high-

stress area is reduced by 14.3cm², and the local pressure is relieved by 12.9%. The 

results verify optimized design’s effectiveness, which helps improve patient comfort 

and rehabilitation effects. 

3.3. Pressure relief degree 

Finite element analysis is used to record the stress values in specific areas and 

analyze the changes in pressure in the lumbar spine and sacral areas. The seat 

optimization for pressure relief in the dynamic sitting posture simulation is verified, 

and the results are shown in Figure 9. 
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Figure 9. Dynamic pressure relief. 

In Figure 9, the horizontal axis represents the different test days, and the vertical 

axis represents the changes in pressure in the corresponding area. For the lumbar spine 

area in the left figure, the Seated Posture, Forward Bending Posture, and Slouched 

Posture conditions are focused on; for the sacral area in the right figure, the Normal 

Sitting, Tilted Sitting Posture, and Leaning Forward conditions are focused on. 

As can be seen from the data in Figure 9, the pressure values in the lumbar spine 

and sacral areas have a significant downward trend over time under various sitting 

posture conditions. On the 3rd day, the pressure value of the lumbar spine in the normal 

sitting posture is 70.32 MPa, and the value on the 28th day drops to 36.84 MPa. After 

long-term use of the optimized seat, the pressure in the lumbar spine area can be 

effectively relieved. The pressure value of the sacral area in normal sitting posture 

decreases from 74.53 MPa on the 3rd day to 31.83 MPa on the 28th day. The pressure 

values show a similar downward trend for different sitting postures such as forward 

leaning and backward leaning. The pressure of the lumbar spine in the forward leaning 

posture decreases from 81.83 MPa on the 3rd day to 43.93 MPa on the 28th day, and 

the pressure of the sacrum in the inclined sitting posture decreases from 76.22 MPa on 

the 3rd day to 48.71 MPa on the 28th day. The data show that the optimized orthopedic 

seat can effectively reduce the pressure in specific areas and adapt to different sitting 

posture requirements, providing more comprehensive protection for patients 

recovering from spinal diseases. 

3.4. Statistical significance testing 

To better validate the statistical significance of the optimized design in spinal 

correction, stress distribution optimization, and pressure relief, paired t-tests were 

conducted on the experimental data. By comparing pre- and post-optimization data, 

differences in spinal curve deviation, maximum stress values, and local pressure were 
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analyzed, and the corresponding p-values were reported. The results of the t-test are 

presented below (see Table 2): 

Table 2. Statistical analysis results. 

Evaluation metric Pre-optimization value Post-optimization value Mean difference t-value P-value 

Spinal curve deviation 0.0139 0.0009 −0.013 12.45 <0.001** 

Lumbar max stress 65.3 48.7 −16.6 9.84 <0.001** 

Intervertebral disc max stress 56.1 42.4 −13.7 8.21 <0.001** 

Upper back max stress 45.8 38.1 −7.7 5.72 <0.001** 

Lumbar pressure relief 70.32 36.84 −33.48 13.15 <0.001** 

Sacral pressure relief 74.53 31.83 −42.7 15.37 <0.001** 

The results of the T-test show that the optimized orthopedic seat significantly 

improves spinal health in multiple areas. The reduction in spinal curve deviation (from 

0.0139 to 0.0009) demonstrates a marked improvement in spinal alignment, with a 

strong statistical significance (P < 0.001), indicating the seat’s effectiveness in 

correcting spinal curvature. The reduction in maximum lumbar stress (from 65.3 MPa 

to 48.7 MPa) and intervertebral disc stress (from 56.1 MPa to 42.4 MPa) further 

underscores the seat’s ability to relieve pressure on critical spinal structures, reducing 

the risk of injury and pain. Additionally, stress in the upper back and sacral areas was 

also significantly reduced, which enhances overall comfort and posture stability. The 

pressure relief in the lumbar and sacral regions—dropping from 70.32 MPa to 36.84 

MPa and from 74.53 MPa to 31.83 MPa, respectively—shows that the optimized seat 

adapts well to various sitting postures, offering effective support for patients 

recovering from spinal diseases. Overall, these findings confirm that the optimized 

seat design not only improves spinal alignment but also significantly reduces localized 

pressure, providing better comfort and promoting faster rehabilitation, with all results 

exhibiting statistical significance (P < 0.001). 

3.5. Rehabilitation auxiliary effect 

The electrical activity data of the patient’s muscles before and after use are 

collected by surface electromyography (sEMG). The changes in the spectrum 

characteristics are shown in Figure 10. 
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Figure 10. Spectral characteristics of patient muscles before and after using the scheme. 

The upper figure of Figure 10 is a spectrum analysis, where the horizontal axis 

represents frequency (in Hz), and the vertical axis represents amplitude. Figure 10 

shows the frequency distribution of two groups of electromyographic signals before 

(blue) and after (red) rehabilitation assistance. In the signal spectrum before use, the 

blue curve shows a higher frequency component, which is concentrated around 40Hz 

and has a larger amplitude. At this time, muscle activity is frequent and accompanied 

by strong noise, which manifests muscle fatigue. The signal after rehabilitation 

assistance (red curve) shows a lower frequency component in the spectrum, with a 

peak concentrated around 30Hz and a significantly reduced amplitude, reflecting the 

reduction and relaxation of muscle activity. It can be seen that after rehabilitation 

assistance, the frequency of muscle activity decreases, and the amplitude decreases. 

The seat design effectively helps patients relax their muscles and reduce fatigue. 

The lower figure of Figure 10 is a display of power spectral density (PSD), where 

the horizontal axis also represents frequency (in Hz) and the vertical axis represents 

power spectral density (in µV²/Hz), that is, the distribution of signal power in different 

frequency ranges. Semi-logarithmic coordinates are used here, that is, the vertical axis 

uses a logarithmic scale to present signal changes more clearly. The PSD before using 

rehabilitation assistance is accompanied by more noise components, reflecting that the 

muscles are in a state of fatigue. After using rehabilitation assistance, the PSD power 

density is significantly reduced; the muscles are better relaxed; the noise components 

are greatly reduced. After the orthopedic seat is optimized, the muscles’ high-

frequency noise and fatigue-related high-power components are reduced; the power 

distribution is more concentrated in the low-frequency band; the patient’s muscle 

activity state is significantly improved. 

3.6. Satisfaction evaluation 

The survey records the subjective feelings of 10 groups of patients (50 people in 

each group) after using the seat, including comprehensive scores of supports, stability, 

and touch (1–10). The overall evaluation mean is shown in Figure 11. 
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Figure 11. User satisfaction evaluation. 

The data results in Figure 11 show that all types of patients generally give high 

evaluations to the seat. Patients with lumbar disc herniation score 9.4 and 8.2 in 

support and stability, respectively, and the overall comfort is 9.9, indicating that the 

seat provides support while ensuring stability and comfort. Scoliosis patients score the 

highest for touch (9.9), and the overall comfort score is 9.8, indicating that the seat 

design can meet their special needs. The elderly patient group scores 9.5 for support, 

9.0 for stability, and 9.8 for overall comfort, indicating that the seat significantly 

improves the quality of life of the elderly. Although office workers who sit for a long 

time have a slightly lower stability (7.8), the overall comfort score is 8.1, which 

improves the working environment. The overall comfort of healthy adults is as high 

as 9.7, maintaining a good level. Ergonomic orthopedic seats designed based on 

biomechanical principles can effectively improve sitting posture, reduce the risk of 

spinal diseases, and improve the user experience and quality of life of all types of 

users. 

A detailed analysis of the seating design needs and feedback from different user 

groups reveals that spinal patients, the elderly, and office workers who sit for long 

periods have varying requirements, necessitating specific design optimizations. For 

spinal patients, especially those with lumbar disc herniation and scoliosis, seat support 

and stability are critical. Data indicates that lumbar disc herniation patients rate the 

seat’s support highly (9.4), suggesting they require additional support to relieve 

pressure on the lower back. These patients also have higher demands for stability to 

ensure their posture remains stable and to prevent further spinal damage. Therefore, 

seat designs must focus on enhancing lumbar support and optimizing the seat’s 

stability to effectively support the natural curvature of the spine and reduce additional 

pressure during movement. 

For the elderly, support and comfort are the most crucial design needs. As elderly 

individuals often experience bone and muscle degeneration, their comfort expectations 

are higher. Data shows that elderly patients give high ratings for support and comfort, 



Molecular & Cellular Biomechanics 2025, 22(2), 984.  

17 

with an overall comfort score of 9.8, indicating a strong appreciation for the seat’s 

adaptability and comfort. To meet these needs, seats should provide enhanced support 

for the back and hips while using soft yet supportive materials to reduce discomfort 

during prolonged sitting. Additionally, since elderly individuals tend to have weaker 

physical strength, seat height adjustment and tilt functions should be made simpler and 

more user-friendly. 

For office workers who sit for extended periods, the focus of optimization should 

be on stability, pressure distribution, and comfort. Office workers often remain seated 

in one position for long hours, which leads to concentrated pressure on the back and 

hips, contributing to spinal health issues. While office workers rated the seat’s overall 

comfort fairly well (8.1), their stability rating was lower (7.8), indicating a higher 

demand for stability and continuous support during their work hours. To address this, 

seat designs can be optimized by enhancing the seat’s stability, improving cushion 

pressure distribution, and incorporating more flexible lumbar support. Additionally, 

the height and depth adjustment functions should be more precise, allowing office 

workers to tailor the seat to their specific needs, thereby reducing discomfort from 

prolonged sitting. 

In summary, the varying needs of different user groups require tailored seat 

design optimizations. For spinal patients, the focus should be on support and stability; 

for the elderly, the emphasis should be on comfort and ease of use; and for office 

workers, optimizing stability and pressure distribution is key. By further refining the 

seat design based on these distinct needs, the seat can better adapt to different user 

scenarios, ultimately improving spinal health and overall comfort for all types of users. 

4. Conclusions 

This paper applies an optimization method based on the combination of 

biomechanics and graphic design for the design of orthopedic seats for patients with 

spinal diseases. By using MediaPipe Pose to identify critical points of sitting posture, 

constructing a three-dimensional spine model, and combining it with finite element 

analysis, the stress distribution of the patient’s spine under dynamic sitting posture can 

be precisely evaluated to optimize the seat geometry and support structure. The results 

show that the optimized seat significantly reduces the spinal deviation rate. The data 

results show that the seat optimization method combining dynamic data analysis and 

three-dimensional modeling can effectively improve the patients’ rehabilitation effect 

and comfort. However, this study is mainly based on experimental data, and the refined 

adaptation to individual differences still needs to be further optimized. Future research 

can build upon the current foundation to further explore the integration of real-time 

feedback technology and artificial intelligence algorithms in intelligent monitoring 

systems for dynamic posture optimization. This system can monitor posture changes 

in real-time and automatically adjust the seat’s support areas and pressure distribution 

based on individual differences, meeting various rehabilitation needs. Through 

continuous learning and optimization, artificial intelligence can enhance the system’s 

personalized adaptability, improving patient comfort and rehabilitation outcomes. 

Such dynamic adjustment systems not only enhance rehabilitation effectiveness but 

also have broad applications in posture correction, driving technological 
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advancements in the field. 
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