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ABSTRACT 

Human motion analysis and measurement technology have been widely used in the fields of medical treatment, sports 

science, and rehabilitation. In clinical practice, motion analysis has been applied in the diagnosis and individualized 

treatment planning of various musculoskeletal diseases, and it is also an important objective scientific method to evaluate 

the therapeutic effect and the effectiveness of medical equipment. This study aimed to introduce the common modern 

motion capture measurement technology and equipment, the clinical application and limitations of motion analysis, and 

the possible development trend of motion analysis measuring techniques in the future. Motion analysis and measurement 

systems and medical image measurement and analysis technology have made landmark improvements over the past few 

decades in terms of orthopaedical biomechanics. Nevertheless, limitations still exist, both subjective and objective. All 

these drawbacks have promoted the exploration of the integrated methods that have now been widely used in motion 

analysis. The results of the case study about the subject-specific finite element modeling of the foot and sports shoe 

complex have also shown great consistency. Nevertheless, several possible future directions for motion analysis 

measuring techniques still exist. In the future, the progress of motion analysis and measurement methods will 

simultaneously drive the progress of orthopedics, rehabilitation, precision personalized medicine, and medical 

engineering. 
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1. INTRODUCTION 

Motion analysis, as the name implies, is a science of studying human movement. Early studies of human 

motion analysis aimed to understand the movement of the human body during various activities and to 

analyze the movement into many minute moments [1]. Through the analysis and study of the movement 

process, it can simplify the movement process, facilitate the standardization of movement, and improve the 

efficiency of movement. With the development and progress of science and technology, modern motion 

analysis is based on scientific means to measure the motion characteristics of the human body and the 

mechanical performance of each joint, quantitative analysis of the relative motion of each limb, the force 

borne by the joint [2], [3]. At present, motion analysis and measurement technology has been widely used in 

many fields such as medical treatment [4], sports science [2], and rehabilitation [5], and plays an 

indispensable role in improving the accuracy of surgery, implementing rehabilitation actions, and monitoring 

the process of daily activities. 

In clinical practice, motion analysis has been applied in the diagnosis and individualized treatment planning 

of various musculoskeletal diseases [6], and it is also an important objective scientific method to evaluate 

the therapeutic effect and the effectiveness of medical equipment [7]. In the future, the progress of motion 

analysis and measurement methods will simultaneously drive the progress of orthopedics, rehabilitation, 

precision personalized medicine, and medical engineering. The main purposes of this study were to introduce 

the common modern motion capture measurement technology and equipment, the clinical application and 

limitations of motion analysis, and the possible development direction of motion analysis measuring 

techniques in the future. In addition, a case study in terms of the subject-specific finite element modeling of 

the foot and sports shoe complex was further performed for further elaborate explanation of the integrated 

method that is widely used in human motion capture and analysis. 
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2. MOTION CAPTURE MEASUREMENT AND ANALYSIS TECHNOLOGY AND EQUIPMENT 

Modern motion analysis and measurement system, mainly through the application of different technologies 

to track the movement trajectory of the reflective marker ball pasted on the skin, with multi-link motion 

model, calculate joint motion (Figure 1) [3]. Based on the motion parameters, the mass parameters of 

different limbs, and the ground reaction force measured by the force plate, the resultant force and torque of 

each joint are obtained by inverse dynamic analysis and calculation based on Newton's laws of mechanics 

[3]. The main common motion capture equipment can be divided into optical, electromagnetic, and inertial 

measurement devices. 

 

Figure 1. The reflective marker ball pasted on the skin 

2.1. Optical motion capture measuring techniques 

The motion capture system using infrared reflective markers and infrared cameras is the most common and 

widely used optical motion analysis and measurement equipment [8]. Multiple infrared cameras are used to 

record the position of the reflector on the image, and with image processing, the position of the reflector 

center on the image can be automatically calculated [9]. Direct linear transformation and 

stereophotogrammetry can be used to calculate the three-dimensional trajectory of the center point of the 

reflector in space if the same reflector can be captured by more than two cameras at the same time [10]. By 

using this system, the coordinate system of an object can be defined with only three reflective marks pasted 

on the object, and then the position and direction of the object in space can be accurately described [9]. 

However, the traditional motion analysis and measurement system using multiple cameras and system host 

is bulky, inconvenient to move, and expensive, which is greatly limited in application and has obstacles in 

the clinical promotion. In recent years, some researchers have developed a small, portable, and convenient 

3D joint dynamic measurement system using digital navigation equipment [11]. Due to the fixed relative 

position of the two cameras, the system does not need to be corrected before use. Through the modular design 

and the tracking of the infrared reflective ball, the small 3D dynamic joint measurement system can 

dynamically digitize the kinematic characteristics of the living joint in the bearing state and the functional 

motion process, which is of great value to promote the motion analysis for real-time diagnosis and field 

application in clinical hospitals. However, infrared equipment may be limited to signal interference caused 

by excessive strong infrared in outdoor sunny places, which will cause difficulties and errors in measurement 

[12]. 
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2.2. Electromagnetic motion capture measuring techniques 

Electromagnetic motion tracking measurement equipment, the use of electromagnetic emission equipment 

in space to generate a magnetic field, through several sensors attached to different limb segments, sensing 

the movement of the magnetic field changes, to calculate the sensor in space position and direction [13]. The 

device can measure six degrees of freedom using a single sensor, but due to the weight and volume of the 

sensor, it can affect the movement when used. When using an electromagnetic tracking device, it is important 

to pay attention to electromagnetic field changes caused by the surrounding environment, which may affect 

the measurement accuracy. For example, metal components around the measurement site may interfere with 

electromagnetic fields [13]. 

2.3. Inertial motion capture measuring techniques 

Inertial motion analysis and measurement devices mainly use gyroscopes and accelerometers [14]. Due to 

the development of modern micromotors, accelerometers and gyroscopes can be miniaturized, easy to carry, 

and have been widely used in smart devices such as mobile phones [15]. Due to its low power consumption 

and no need for external capture equipment, it can be used to track human movement for a long time. In 

addition, the diagonal acceleration and linear acceleration can be integrated twice to find the position and 

angle of the object in space. However, there will be errors in the integration process, and serious errors may 

accumulate over a long period [14]. 

2.4. Summary 

The motion analysis method of measurement is in the human body surface paste tag or sensing component, 

to mark or inductive component changes to represent human movement. However, the skin and bone are 

separated by soft tissue, which will cause soft tissue deformation when the human body moves, resulting in 

relative displacement between the sensor component and the underlying bone, which is one of the biggest 

sources of error in motion analysis technology: soft tissue movement error. The invasive method uses bone 

nails to attach reflective markers or sensors to the bone directly. Although the method directly and accurately 

measures bone movement, invasive techniques limit the natural movement of soft tissue over the bone, impair 

movement and expose subjects to the risk of infection. Due to ethical issues, the application of invasive 

methods in motion measurement in vivo has been greatly limited, but there are still some studies on animal 

models. Therefore, the development of a non-invasive and accurate motion analysis measurement method is 

an inevitable means to measure the motion parameters of the joint in the natural functional motion of the 

living body. 

3. MEDICAL IMAGE MEASUREMENT AND ANALYSIS TECHNOLOGY AND EQUIPMENT 

3.1. X-ray related image measurement and analysis technology 

The discovery of X-rays and the development of medical imaging technology have provided the opportunity 

to measure bone directly in a non-invasive way. With traditional X-ray, bone images can be taken directly 

for two-dimensional measurement and analysis. However, due to the source of two-dimensional images, 

although the rotation angle in other directions can be calculated mathematically, the error of the estimated 

value is large [16]. 

X-ray stereography, in which small tantalum sphere markers are embedded in the object, uses two X-ray 

imaging systems to simultaneously image the small tantalum sphere object and further mathematically obtain 

the three-dimensional spatial position of the object. The position can be measured with an accuracy of 10-

250 μm and the angle can be 0.03-0.6°, making it a highly accurate method of 3D kinematic measurement 

[17]. At present, X-ray stereography is used in a wide range of fields, such as oncology, odontology, and 
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clinical procedures such as plastic surgery and neurosurgery [18]. Although accurate, this method is invasive 

and can only be used for static position measurements [18]. Dynamic X-ray systems (Fluoroscopy), which 

take continuous dynamic images [19]. Most current dynamic X-ray systems are image intensifier imaging 

systems that convert invisible X-rays into visible light for imaging, but the imaging process is influenced by 

the shape of the input fluoroscope and the X-ray electron beam is influenced by the surrounding 

electromagnetic field [19]. The geometry of the output phosphor screen itself and the characteristics of the 

subsequent video equipment can also cause image distortion, so the output image needs to be image corrected 

before it can be analyzed. However, the image data obtained with dynamic X-ray technology is also limited 

to two dimensions and does not provide a complete picture of the three-dimensional movement of the body's 

joints [20]. 

The use of uniplanar dynamic X-rays without implantation of markers for 3D motion measurement was 

introduced by Scott Banks [21]. He uses the clear visibility of the artificial total knee joint on X-ray to record 

continuous images of the motion of the joint on dynamic X-ray and then compares the contours of the X-ray 

image with the contours of the model projection using a computerized three-dimensional model of the 

artificial total knee joint. The comparison algorithm uses the Fourier descriptor proposed by Wallace et al. 

[22] to describe each contour, and the differences in the Fourier descriptors between the contours are used to 

find the optimal spatial position of the artificial total knee joint. Once the positions of the artificial joint 

components are obtained, the motion of the artificial total knee joint is further calculated. However, the point-

source projection model of the single-plane dynamic X-ray system has an inherent flaw in that the 

magnification of the image decreases when the measured object is moved away from the X-ray source, 

resulting in large errors in out-of-plane translation and inability to accurately measure the motion of the joint 

in six degrees of freedom [23]. 

Since then, Li et al. [24] and Tashman et al. [25] have developed a dual-plane dynamic X-ray tracking 

measurement technique, respectively. The method uses two 2D dynamic X-ray images and a 3D skeleton 

model and uses optimization to compare the 3D model and the 2D image in both planes to find the best 

matching 3D model position to find the 3D motion during functional movements of a living joint. This 

technique has been applied to all major joints in the human body, including the hip, knee, spine, and ankle 

[26]. However, due to the size of the imaging plane and the radiation dose of the X-rays, the dual-plane 

dynamic X-ray method can only be used for localized joint motion measurements and is unable to observe 

whole body joint motion at the same time. 

3.2. CT and MRI related image measurement and analysis technology 

Computer tomography (CT) and magnetic resonance imaging (MRI) methods can produce a range of skeletal 

and soft tissue cross-sectional images that can be analyzed and stacked to obtain accurate three-dimensional 

reconstructions of skeletal models and the relative position of joint bones [27], [28]. However, this method 

cannot be used to measure dynamic movements, to quantify in vivo joint movements and, due to the location 

of the CT and MRI machines, it is often not possible to measure the human body in a weighted position. 

4. INTEGRATED MEASUREMENT AND ANALYSIS TECHNOLOGY AND EQUIPMENT 

Clearly, motion analysis and measurement systems and medical image measurement and analysis technology 

have made landmark improvements over the past few decades in terms of orthopaedical biomechanics. 

Nevertheless, limitations still exist, both subjective and objective. All these drawbacks have promoted the 

exploration and development of other integrated solutions. This section aims to introduce one of the current 

integrated methods that have been widely used in motion analysis. 
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4.1. General workflow of the integrated method for orthopaedical biomechanics 

Figure 2 illustrates the basic experimental workflow of the above integrated method for orthopaedical 

biomechanics using the Vicon motion capture system, OpenSim, and ANSYS. First, the kinematic and 

kinetic data during motion were collected using 3D marker-based optoelectronic system and then convert 

into OpenSim based on MATLAB or other software. Second, the following several steps were applied to 

build a musculoskeletal model based on the above data. The initial step “Scaling” was performed to adjust 

the anthropometric differences and obtain the personalization matched model. Then the “Inverse 

Kinematics” and “Inverse Dynamics” were conducted to further load the experimental motion and force. The 

“Static Optimization” and “Computed Muscle Control” were employed to calculate the muscle activation 

and muscle forces induced during the experimental motion. Finally, the personalized musculoskeletal model 

could be used for kinematic, kinetic, and electromyography comparison. On the other hand, the medical CT 

images were collected by scanning the participant’s soft tissue. The DICOM images then were segmented 

by MIMIC to obtain the boundaries of bones, soft tissues, and build the 3D geometry model. These 

geometries were smoothed using Geomagic Wrap and then imported into Solidworks to form solid parts. 

Finally, the built model was imported to ANSYS for investigating the internal reaction between joints. For 

example, Yu et al. (2021) [29] investigated knee joints during badminton directional lunges by using the 

above workflow. The biomechanical data from the motion capture system were used for musculoskeletal 

modeling under OpenSim, and the calculated joint kinematics and muscle forces were used as boundary 

conditions for finite element analysis of the knee joint. 

 

Figure 2. Basic experimental workflow of the current integrated method for motion analysis (Foot simulation for example) 

4.2. Case study using the integrated method for orthopaedical biomechanics 

In order to further elaborate the integrated method for orthopaedical biomechanics, a case study about the 

subject-specific finite element modelling of the foot and sports shoe complex was performed. 

4.2.1 Coupled foot-shoe modelling 

In this study, a computer tomography (CT) device (Optima CT540, GE Healthcare, Chicago, USA) was used 

to perform cross-sectional scans on the right foot of the subjects wearing sports shoes to obtain medical 

image data of the foot shoes. The corrective brace placed the subject's ankle in a neutral position. The 

obtained foot-shoe DICOM format image data was imported into MIMIC 21.0 software (Materialise, Leuven, 
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Belgium) for 3D geometric inverse modelling of foot bones, soft tissues, and sports shoes. Among them, 

based on ensuring the overall outline of the sneaker and the thickness of each part, the noise pixels between 

the foot and the shoe are further manually deleted to realize the non-complete contact between the foot and 

the shoe and establish a sports shoe model with internal cavities. In addition, in order to improve the 

efficiency of simulation calculation, this study simplifies some models, mainly including fusion of the second 

to fifth distal phalanges with their corresponding proximal phalanges; sports socks and soft tissue fusion; 

sports shoes are divided into upper and sole two parts. The surface model obtained by the above inverse 

modelling was smoothed by Geomagic Wrap 2017 software (3D Systems, South Carolina, USA) and 

imported into Solidworks 2020 software (Dassault Systèmes, France) for further solidification. 

In order to realize the interconnection and relative motion between the bones of the foot, this study further 

modeled the main cartilages, ligaments, and plantar fascia of the foot according to the anatomy of the ankle. 

As shown in Figure 3, the finite element model of the foot consists of 20 bones, 1 soft tissue, 20 cartilage, 

66 ligaments, and 5 plantar fascia. Subsequently, the overall foot-shoe solid model was imported into the 

Mechanical Model module of the ANSYS Workbench 2021 software (ANSYS, Inc., Canonsburg, USA) for 

meshing. The ligaments and plantar fascia were modelled with two-node wire-body elements. Except for the 

support plate which uses hexahedral elements, the rest of the solid models are meshed with tetrahedral 

elements. Among them, the soft tissue, sports shoes, and support plate mesh elements are 5mm, the bone is 

3.5mm, and the cartilage is 2mm. The final model has a total of 358,322 nodes and 208,225 mesh elements. 

 

Figure 3. The coupled foot-shoe finite element model 

All the tissue modules of the foot-shoe model in this study are set as a single isotropic linear elastic material, 

and its material properties are defined by Young's modulus and Poisson's ratio. Among them, the material 

mechanical parameters of the foot bone are defined according to the volume ratio of cortical bone and 

cancellous bone, and the material parameters of cartilage, ligament, soft tissue, sports shoes, and support 

plate are also taken from previous relevant finite element studies. In addition, in order to further explore the 

biomechanical effects of different sole materials on the foot, Young's modulus parameters were treated as 

±10% and ±20% on the existing basis, namely 2.490MPa (0%), 2.739MPa (+10%)), 2.241MPa (-10%), 

2.988MPa (+20%), 1.992MPa (-20%). 

Since the change of plantar pressure during the simulation process has a certain correlation with the relative 

angle of the foot in the 3D plane, this study adopts the Vicon 3D motion capture system (Vicon Metrics Ltd., 

Oxford, UK) to record the position parameters of the reflective mark points of the feet when the subjects are 

standing statically, and further calculate the spatial sagittal and coronal planes of the feet through the 

projection vector of the foot rigid body coordinate system (XYZ) on the spatial coordinate system. The center 

point of the lower edge of the heel bone is defined as the origin of the rigid body coordinate system, the X-

axis points to the middle point of the line connecting the first metatarsal and the fifth phalanx, the Z-axis is 

perpendicular to the X-axis and is vertically upward, and the Y-axis is perpendicular to the plane where the 
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XZ axis is located. The AMTI 3D force plate (AMTI, Watertown, Massachusetts, USA) is synchronized 

with the Vicon motion capture system to collect the vertical ground reaction force (343.00N) when the 

subject is statically standing. It is applied to the center of the bottom surface of the support plate, and the 

direction is vertical upward. Previous studies have shown that when the human body is standing with static 

balance on both feet, the force of the lower triceps calf is about half of the foot load. Therefore, in this paper, 

a force of 171.50N is applied vertically upward at the calcaneal node in the form of a concentrated load to 

simulate the triceps force. 

The boundary conditions of the model are set as shown in Figure 4, in which the upper surfaces of the soft 

tissue, tibia, and fibula are set to be completely fixed. The support plate is set to only move up and down, 

and other directions are completely constrained. The frictional contact between the soft tissue surface and 

the shoe cavity and between the sole and the upper surface of the support plate is defined as a friction 

coefficient of 0.6. 

 

Figure 4. Boundary and loading condition 

In this study, the pressure distribution of the foot sole and shoe outsole during static standing was 

synchronously collected by the Pedar insole pressure sensing system and the emed pressure plate (Novel 

GmbH, Munich, Germany), and was compared with the pressure cloud map obtained by the finite element 

simulation to verify the above-mentioned foot-sport shoe finite element model. 

4.2.2 Model verification and simulation results 

By comparing the pressure cloud diagrams of the finite element simulation and the experimental test, it is 

found that the pressure distributions of the foot sole and shoe outsole measured by the two methods are 

basically the same. Among them, the foot sole pressure is concentrated in the heel area, followed by the 

medial forefoot, the lateral forefoot, and the midfoot area. The shoe outsole pressure is concentrated in the 

medial area, namely the anteromedial area and the posteromedial area, followed by the anterolateral area and 

the posterolateral area. 

Figure 5 shows the cloud map of the metatarsal stress distribution under the condition of barefoot and shoes 

with different outsole material parameters. It can be seen from the observation that the stress concentration 

is distributed at the bottom of the second and third metatarsal bodies under the static standing condition, and 

the third metatarsal is subjected to the greatest stress. Compared with the barefoot state, the peak stress in 
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the metatarsal region decreased significantly (2.876MPa) when standing with shoes on. However, with the 

increase of the stiffness of the sole material, the peak stress in the metatarsal region also gradually increased, 

but both were smaller than the peak stress in the barefoot state (5.096MPa). 

In addition, through further analysis of the peak stress of each metatarsal (Figure 6), it was found that 

compared with the barefoot, the difference in the peak stress of each metatarsal was smaller when standing 

with shoes on. However, with the increase of the stiffness of the sole material, the first and fourth the stress 

peak value of the fifth metatarsal gradually decreased, the peak stress value of the second and third metatarsal 

bones gradually increased, and the peak stress difference between the metatarsal bones increased, and the 

stress tended to be concentrated, but it was still smaller than the peak stress difference between the metatarsal 

bones in barefoot. 

 

Figure 5. Predicted peak metatarsal von Mises stress and its distribution under barefoot or shod situations 

 

Figure 6. Predicted peak von Mises stress of each metatarsal under barefoot or shod situations 
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4. LIMITATION AND FUTURE DIRECTIONS 

Although motion analysis has been applied to many clinical issues and can provide a lot of information for 

interpretation and assessment by clinical staff, such as for real-time tracking of surgery, surgical navigation, 

measurement of the subject's usual activity level, sleep quality, guidance on rehabilitation movements, 

monitoring of falls in the elderly [30], [31], [32], etc., motion analysis still has its shortcomings. The main 

issues are the high cost of motion analysis equipment, the time taken to affix markers, and the inadequate 

design of the analysis software. Clinical staff are often limited by hardware and software technology and are 

unable to apply it to many different patients. The estimation of intra-articular forces during human movement 

remains one of the greatest challenges in biomechanical research, and current motion analysis techniques 

still do not provide information on intra-articular forces in a non-invasive way. Current research using non-

invasive methods is still limited to exploring kinematic and kinetic related variables in live motion, including 

joint angles, displacements, and moments. 

The use of motion analysis for the assessment and diagnosis of neuromuscular disorders has merit and 

necessity, and scientifically quantified motion analysis tools will continue to play an important role in the 

fields of clinical orthopedics and rehabilitation engineering. For example, motion analysis techniques can be 

used to capture the manifestation of joint instability in all directions to aid in the diagnosis of sports injuries 

and to assess the performance of patients after they have received different treatments, aids, and implants, 

which can be fed back into therapy to correct abnormal joint movements or parameters and assist patients in 

regaining normal function [2], [33], [34]. 

There are several possible future directions for motion analysis measuring techniques. Firstly, to reduce the 

impact of skin movement errors and improve the accuracy of current methods of motion analysis; secondly, 

to develop marker-less analysis systems to make the application of motion analysis easier and save 

preparation time; thirdly, to develop mechanical and kinematic sensor technology that can be routinely placed 

inside artificial implants to record internal skeletal forces and motion data; and finally, the development of 

easier to use, more affordable and portable motion analysis systems will facilitate the development of more 

applications for clinical motion analysis. 
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