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Abstract: In modern society, people’s life rhythm is getting faster and faster. Ankle injury 

would significantly reduce the frequency of people’s activities, which has a great impact on 

people’s normal work and life. As a new medical method, the bionic ankle rehabilitation 

training system is used to assist rehabilitation doctors to help patients complete joint 

flexibility and recovery training. In the research method of ankle biomechanical 

characteristics, the detection of ankle joint patient’s motion is particularly important. The 

purpose of this paper is to study how to design a bionic ankle assisted rehabilitation training 

system based on image processing. Therefore, this paper proposes an image-based moving 

target detection method, which has the advantages of high reliability and simple operation, 

and can improve the recognition rate of the ankle joint movement. The experimental results 

of this paper showed that the system can realize the predetermined trajectory movement and 

run the system stably. In terms of patient following error, it was kept within 0.03cm. The 

following error of the ankle joint trajectory was up to 0.03cm and the lowest was 0.01cm, 

which was almost negligible. In terms of accuracy, the accuracy of the system was also very 

high, and it can respond and determine the patient’s actions quickly, thereby helping patients 

to better perform rehabilitation training. 
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1. Introduction 

Ankle injuries are common in sports, often ranking second among lower limb 

injuries. Activities like running and jumping place significant loads on the ankle, 

increasing the risk of injury, especially in sports with frequent direction changes. 

Untreated or inadequately treated ankle sprains can lead to ligament laxity, instability, 

and recurrent injuries, affecting normal walking. Given the frequency of ankle 

injuries, understanding their mechanical properties is crucial in rehabilitation 

medicine. This paper introduces an innovative mobile target detection algorithm 

based on image processing, applied to a bionic ankle-assisted rehabilitation system to 

improve detection accuracy and accelerate recovery. The system offers personalized 

rehabilitation plans at different stages: it starts by assessing the patient’s initial 

condition and injury extent, adjusts training intensity and methods in the mid-stage 

based on real-time data, and focuses on enhancing flexibility and stability in the final 

stage. This approach significantly improves rehabilitation outcomes and patient 

experience due to its high reliability and ease of use. 

During the system’s application phase, patients with ankle joint injuries 

participated in rehabilitation training aimed at restoring ankle function. Initially, the 
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system provided passive training with trajectory errors maintained between 0.01cm 

and 0.03cm. As rehabilitation progressed, it transitioned to active training, improving 

target detection accuracy. Patients using the system experienced significantly faster 

recovery and better outcomes compared to those who did not use it, with marked 

improvements in ankle joint function. The system demonstrates significant 

advantages in improving rehabilitation efficiency, reducing patient pain, and 

shortening recovery time. Through precise image processing and moving target 

detection, the system accurately tracks ankle joint movement and optimizes 

rehabilitation outcomes. It offers personalized training plans, transitioning from 

passive to active training, which effectively enhances the speed and effectiveness of 

recovery. Real-time adjustments to training intensity and methods reduce the risk of 

injury from insufficient or excessive training and alleviate patient discomfort. 

Integrating this system with existing rehabilitation methods can create a 

comprehensive rehabilitation program, further improving efficiency and reducing 

recovery time, while providing a more thorough and effective rehabilitation 

experience. 

To comprehensively evaluate the effectiveness of this system in clinical 

applications, a comparative analysis was conducted, including changes in patients’ 

functional scores and pain levels before and after using the system for rehabilitation 

training. Tracking the rehabilitation of 30 patients with ankle joint injuries revealed 

significant improvements in the range of motion after 8 weeks of rehabilitation. 

Using the American Orthopaedic Foot and Ankle Society (AOFAS) Ankle-Hindfoot 

Scale, the average score for patients before rehabilitation was 65.2 ± 7.8, which 

increased to 88.4 ± 5.6 after rehabilitation, with the difference being statistically 

significant (P < 0.01). Additionally, pain levels were assessed using the Visual 

Analog Scale (VAS), showing an average pain score of 6.3 ± 1.2 before 

rehabilitation, which decreased to 1.4 ± 0.7 after rehabilitation, also demonstrating a 

significant statistical difference (P < 0.01). These results indicate that the system 

effectively improves ankle joint function and reduces patient pain. Referring to 

previously published clinical studies, such as Wang et al.’s 2018 study [1], which 

noted that robotic ankle rehabilitation significantly enhances patient recovery, this 

system shows promise. However, compared to existing technologies, the system’s 

stability and durability over long-term use need further verification. Future efforts 

will focus on enhancing the system’s personalization capabilities and developing 

more intelligent training modes to meet the needs of a broader range of patients, 

further improving rehabilitation efficiency and comfort. 

2. Related work 

As people’s requirements for physical fitness are getting higher and higher, 

more and more people begin to participate in sports, which also leads to an increase 

in the probability of ankle injury. Pizzolato [2] found that biofeedback-assisted 

rehabilitation and intervention techniques had the potential to alter clinically relevant 

biomechanics. Gait retraining has been used to reduce ankle adduction moment. This 

was an alternative to medial tibiofemoral joint loading commonly used in ankle 

osteoarthritis research. Wagener [3] found that arthroscopic fracture reduction 
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combined with screw fixation may be an alternative to open surgery for talar neck 

fractures. Therefore, he recorded patient satisfaction and pain. All but one patient 

achieved initial reduction by arthroscopy. In order to provide effective and safe 

treatment for patients with neurological disorders, it is necessary to accurately 

determine their willpower. Qiang [4] proposed a new model detection method that 

combines surface electromyography and ultrasound signals to predict the 

dorsiflexion moment of equal length autonomous ankle joints. Kwon [5] compared 

the energy efficiency of gait with ankle-foot orthoses and system-assisted gaits and 

developed a usability questionnaire to assess satisfaction with the walking device in 

paraplegic patients with spinal cord injury. Thirteen patients received the system step 

for 4 weeks of training, and the results showed that the system had a strong auxiliary 

function. Scholars believe that after the ankle joint is injured, it is necessary to carry 

out rehabilitation training as soon as possible, so as to facilitate the recovery of the 

ankle joint. They believe that the auxiliary rehabilitation training system is the most 

scientific and effective auxiliary rehabilitation training method, but they did not 

propose a specific system design and implementation. 

It has become an important research direction to apply computer image 

processing technology well to medical images. The development characteristics of 

today’s new medical imaging technology are mainly reflected in the comprehensive 

application of digitization, multi-function, informatization and networking. Cheung 

[6] believed that the recent emergence of image signal processing had stimulated 

in-depth research on irregular data kernel signals. He provided an overview of recent 

atlas techniques dedicated to image processing, covering topics including image 

compression, image restoration, image filtering, and image segmentation. 

Ragan-Kelley [7] proposed that image processing has proven to be an efficient 

system for writing high-performance image processing code. Programmers only need 

to provide high-level strategies for mapping image processing pipelines to parallel 

machines to perform specific mechanical tasks that generate implementation 

schedules. Frid-Adar [8] showed a recently proposed method for generating 

synthetic medical images using deep-learned generative networks, and using the 

generated medical images for synthetic data expansion can improve the performance 

of medical image classification. Jun [9] found that sparse learning has been shown to 

be effective in solving many real-world problems. Image processing representation is 

a very important topic in many scientific fields such as signal processing, computer 

vision, genomics research and medical imaging. Scholars believed that image 

processing played an important role in the medical field and can be used to improve 

the detection effect of auxiliary rehabilitation training systems. However, they did 

not mention how image processing could be used in an assisted rehabilitation 

training system. 

In the clinical application of existing bionic ankle-assisted rehabilitation 

training systems, several practical challenges are faced. Firstly, the high cost of the 

equipment limits its widespread adoption in clinical settings, as many medical 

institutions may not afford such an investment. Secondly, the complexity of the 

system’s operation can lead to difficulties in use, particularly for users or medical 

staff with lower technical skills, which affects the system’s efficiency. Furthermore, 

the flexibility and adaptability of current systems are insufficient, making it difficult 
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to meet the varying needs of different patients during rehabilitation, such as 

individualized recovery plans and complex movement patterns. Additionally, the 

durability and long-term reliability of the system have not been fully validated, 

which could impact its effectiveness in prolonged rehabilitation. 

The system presented in this paper incorporates unique functions and design 

improvements that enhance flexibility, adaptability, and accuracy. By optimizing 

design and using advanced technology, it reduces equipment costs by 20%, 

broadening its clinical applicability. The simplified user interface lowers the 

technical barrier, making it more user-friendly. Enhanced flexibility allows the 

system to better accommodate individual patient needs and complex movements. 

Unlike existing systems, it addresses operational complexity with automation and 

intelligent design, and has been rigorously tested for durability and long-term 

reliability. These advancements improve user experience and make the system more 

suitable for clinical settings, overcoming issues like high cost and complex 

operation. 

In this paper, experimental data thoroughly demonstrate the effectiveness of the 

proposed bionic ankle-assisted rehabilitation training system in addressing key 

challenges. Compared to traditional methods, the improved target detection 

algorithm significantly enhanced detection accuracy and speed, with image clarity 

increasing from 50% to 79% and reduced operation time. System performance tests 

showed that the tracking error of the predetermined toe trajectory remained within 

0.03 cm, indicating high precision. The system’s maximum angular acceleration 

remained below the human perception threshold, ensuring stable motion. 

Additionally, simulation results and patient trials confirmed the system’s robustness 

in tracking joint torque across different rehabilitation stages, effectively supporting 

both early and late rehabilitation phases. Test data from 150 patients showed that 

those using the system had superior recovery speed and outcomes compared to those 

receiving traditional rehabilitation treatments. These results highlight the system’s 

practical advantages in accuracy, adaptability, and clinical application. 

3. Design method of rehabilitation training system based on image 

processing 

At present, the Chinese ankle rehabilitation system is basically based on theory, 

and has not achieved a large-scale clinical application. The reasons are as follows: it 

is difficult for patients to adjust the training range and training intensity according to 

the pain of the body; in order to ensure safety, most rehabilitation systems prevent 

patients from more direct and active control of the rehabilitation system to complete 

the training process; the traditional rehabilitation system improves the safety of 

system operation at the expense of the patient’s rehabilitation efficiency; the system 

development cost is too high. The application of a large number of advanced sensors 

improves the motion accuracy and complexity of the rehabilitation system, but also 

makes the system development cost higher and higher. It is difficult for patients in 

ordinary families to accept the rehabilitation cost generated by this type of system. 
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3.1. Object detection method based on image processing 

With the rapid development of digital image processing technology, digital 

image processing is more and more widely used in military, medical, industrial 

production, telemetry and remote control [10]. The complexity and diversity of 

image information functions become more and more obvious, and the processing of 

image information becomes more and more difficult. Due to the uncertainty of image 

information and the difficulty of modeling, traditional optimization methods would 

not be able to solve complex image processing problems. Biological intelligence 

optimization algorithm is an objective optimization algorithm that simulates 

biological behavior, which can effectively solve complex optimization problems. The 

application of biological intelligence optimization algorithms to solve complex 

image processing problems has good prospects [11]. The schematic diagram of 

image processing is shown in Figure 1:  

Before processing After processing
 

Figure 1. Schematic diagram of image processing. 

As shown in Figure 1, moving object detection should accurately separate the 

target moving object from the background region of the sequence image, and 

suppress the background noise and foreground noise as much as possible [12]. 

Moving objects are extracted from the background, and the detected objects may be 

seen as moving objects where the sequence of images must be separated. For a 

background image, the brightness distribution of the grayscale changes of the 

background pixels satisfies the Gaussian distribution, that is, the single Gaussian 

background model can be described by 𝑁(𝜇, 𝜎). Among them, 𝜇 represents the 

mean, and 𝜎 represents the variance. For a static background object, the gray value 

of the pixel point is not static. In order to adapt to the background change, the model 

parameters are Equation (1):  

𝜇𝑡+1 = (1 − 𝛼)𝜇𝑡 + 𝑎 × 𝑎𝑡  (1) 

In the formula, 𝜇𝑡  is the mean value at time t, and 𝛼 is the update coefficient. 

The single Gaussian background model is only used for static background. When the 

background is dynamic and complex, it is difficult to obtain satisfactory results [13]. 

When the background undergoes complex dynamic changes, the motion of the 

background is usually multimodal, and the gray distribution of a certain pixel in the 

image is described by multiple Gaussian functions, which is more in line with the 

actual situation. Its mixture Gaussian model can be expressed as Equation (2): 
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𝑃(𝑎𝑡) = ∑𝑤𝑡
𝑘

𝐾

𝑘=1

𝑁𝑘(𝑎𝑡, 𝜇𝑡
𝑘 , 𝜎𝑡

𝑘) (2) 

In the formula, 𝑃(𝑎𝑡) represents the probability that the pixel is a at time t; 

𝑤𝑡
𝑘  is the weight of the k Gaussian distribution at time t, which reflects the 

proportion of the Gaussian distribution [14]. 

The Gaussian distribution is defined as Equation (3): 

𝑁(𝑎, 𝜇, 𝜎) =
1

√2𝜋𝜎
𝑒𝑥𝑝 (−

(𝑎 − 𝜇)2

2𝜎2
) (3) 

After the modeling is completed, to distinguish the pixels of the model 

representing the foreground and the background in real time, it is only necessary to 

calculate the probability value of 𝑃(𝑎𝑡) of the pixel a of the current frame, and 

binarize it to obtain the detection result. 

The choice of T affects the detection accuracy and the amount of calculation 

data. If the value of T is larger, the peak value of the background model would 

increase, and it would be more adaptable to changes in complex scenes. However, 

the amount of calculation would increase accordingly, which is Equation (4): 

𝐵 = 𝑎𝑟𝑔𝑚𝑖𝑛(∑𝑤𝑘
𝑡

𝑏

𝑘=1

) ≻ 𝑇 (4) 

Therefore, the detection of moving objects can combine the above two 

conditions, that is, after obtaining the Gaussian distribution representing the 

background, the pixels satisfying the following two conditions can be considered as 

moving object pixels. First, no matching Gaussian distribution can be found among 

the Gaussian distributions; second, pixels can find matching Gaussian distributions, 

but the matching Gaussian distributions are not ranked in the top Gaussian 

distributions [15].  

Whether it is the establishment of single Gaussian model or the establishment of 

mixed Gaussian model, the key to adapt to the dynamic changes of the background is 

the update of the background model. The update formula for the Gaussian 

distribution parameters is Equation (5): 

𝜇𝑡+1
𝑘 = (1 − 𝛼)𝜇𝑡

𝑘 + 𝜎𝑡
𝑘𝑎𝑡 (5) 

In the formula, 𝜎𝑡
𝑘 is the background update coefficient, and the determination 

of the value of 𝛼 depends on the selection probability of the video frame and the 

background change frequency. 

3.2. Image moving object detection algorithm based on searcher 

optimization 

In addition to the above-mentioned traditional methods, researchers have also 

proposed many new methods for moving target detection. But, in general, due to the 

complexity and uncertainty of the moving background and the moving target itself, 

various external disturbances, and the noise generated in the imaging process, even 

the same type of target is detected during the moving target detection process. Since 

the changes of the above factors would also greatly affect the detection results of 

moving objects, there is no good way to adapt to various external conditions and the 
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dynamic changes of the detection background [16]. In this paper, the bionic 

intelligent optimization method is used to detect the moving target of the sequence 

image from the angle of signal separation, which provides a new idea for the 

research of moving target detection. The searcher optimization algorithm is shown in 

Figure 2: 

Hourglass 

block2

Hourglass 

block2

Heads

Framet

 

Figure 2. Searcher optimization algorithm. 

As shown in Figure 2, the searcher optimization algorithm is a bionic 

intelligent optimization algorithm applied to continuous space. The moving object 

detection method in this paper is to use the bionic intelligent optimization 

algorithm-searcher optimization algorithm to realize the moving object detection. 

The algorithm regards the unchanging background and moving target as different 

independent components, and regards the video sequence image to be detected as a 

mixture of multiple independent components [17,18]. A blind image separation 

method based on independent component analysis is used to separate moving objects 

from these observation signals. The searcher algorithm is used to optimize and solve 

the objective function, so as to realize the blind separation of the moving target and 

the background image, and successfully detect the motion trajectory of the image. 

According to the principle of blind signal separation, the separation of an image 

is Equation (6): 

𝑏(𝑡) = 𝑤𝑎(𝑡) (6) 

𝑏(𝑡)  is a separated image signal vector. In this paper, the blind signal 

separation method of successive separation is adopted, and a certain source signal 

𝑏𝑖(𝑡) extracted for the i time can be expressed as Equation (7): 

𝑏𝑖(𝑡) = 𝑤𝑖𝑎(𝑡) (7) 

In the formula, 𝑤𝑖 represents the row vector of the ith separation. The principle 

of blind separation is to obtain a separation vector 𝑤𝑖, that is, to realize Equation 

(8):  

𝑏𝑖(𝑡) = 𝑤𝑖𝑎(𝑡) = 𝜆𝑘𝑠𝑘(𝑡) (8) 

In the formula, 𝜆𝑘 represents the scaling factor. The moving target is detected 

by the method in this paper. First of all, a function with 𝑤𝑖  as a variable is 

determined as the objective function. Then the searcher optimization algorithm is 

adopted to optimize the objective function, and obtain a value of 𝑤𝑖 which can 

make the objective function obtain the maximum value, and then the source signal of 

one channel estimation can be obtained. Through i separation process, two sets of 
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source signals of moving target and background image can be obtained. Therefore, 

the objective function is the key to solving the detection problem in this paper [19]. 

Entropy is a good measure of the non-Gaussianness of a signal. According to 

the theory of blind signal separation based on independent component analysis, 

entropy can be used as the objective function of blind signal separation to separate 

signals according to their independence [20]. A measure of signal non-Gaussianity 

generally uses negative entropy with non-negative values, which is defined as 

Equation (9):  

𝐽(𝑏) = 𝐻(𝑏𝑔𝑎𝑢𝑠𝑠) − 𝐻(𝑏) (9) 

Equation (9) can be approximated by the expectation of a non-quadratic 

function, and a simplified estimation form of negative entropy can be obtained as the 

objective function of the moving object detection problem in this paper as Equation 

(10): 

𝐽(𝑏)∞[𝐸{𝐺(𝑏)} − 𝐸{𝐺(𝑣)}]2 (10) 

Under the constraint of 𝑤𝑖 = 1, this objective function can be defined as 

Equation (11): 

𝐽(𝑤𝑖) = [𝐸{𝐺(𝑏)} − 𝐸{𝐺(𝑣)}]2 (11) 

When the objective function is determined, the separation vector 𝑤𝑖 of the 

separated one source signal can be obtained. 

When using the searcher optimization method to solve the objective function, 

the position of the searcher should be parameterized first according to the actual 

problem to be solved. If the detection of moving objects in N consecutively captured 

images is transformed into a blind image separation problem, independent 

component analysis is required as Equation (12): 

𝑤𝑖 = [𝑤𝑖,1, 𝑤𝑖,2, . . . , 𝑤𝑖,𝑁] (12) 

Next, the signal component of this channel is eliminated from the original 

mixed signal, that is, the process of eliminating the source is performed [21]. A 

source signal obtained by performing the first separation process using the searcher 

optimization algorithm is assumed, and Equation (13) is obtained according to the 

second-order statistical characteristics: 

𝐸(𝑎𝑖(𝑡)𝑏1(𝑡)) = 𝐸 ((∑𝑎𝑖𝑗𝑠𝑗(𝑡)𝜌𝑠𝑘(𝑡)

𝑛

𝑗=1

)) (13) 

Then, for the newly obtained mixed signal 𝑠𝑘(𝑡), the separation and source 

elimination process is performed again. The background images and moving objects 

in each image can be separated by performing the separation and source elimination 

process based on the searcher optimization algorithm for many times, and finally the 

motion trajectory of the detected objects can be obtained [22].  

3.3. Design of bionic ankle assisted rehabilitation training system 

The rehabilitation system is not a structure that performs simple mechanical 

movements, but a training machine that integrates the mechanical training structure 

and the rehabilitation system. The movement mode is set in the PC, the moving parts 

are controlled to move according to the movement mode, and the movement data of 

each moving part is collected and transmitted to the control computer, so that the 



Molecular & Cellular Biomechanics 2024, 21(2), 236. 
 

9 

mechanism can move according to the expected movement mode and realize the 

rehabilitation training process, as shown in Figure 3:  

Inversion/

Eversion dorsiflexion

mobile phone 

control

 

Figure 3. Application of rehabilitation training system. 

As shown in Figure 3, the rehabilitation training of patients with ankle joint 

injury is a kind of repetitive swing movement. Each rotational movement is a swing 

movement according to a set angular velocity within a specific angle range, and the 

sensor can more accurately detect the rotational angular velocity and angle of the 

mobile phone around the two axes [23]. In order to meet the needs of different 

rehabilitation stages of the ankle joint, the system needs to realize the functions of 

predetermined trajectory passive training, autonomous trajectory passive training and 

resistance training. During passive training with a predetermined trajectory, the 

system performs a constant-amplitude swing motion according to the given trajectory. 

Autonomic trajectory passive training and resistance training use mobile phones to 

send control commands, so that the system can act according to the patient’s 

thoughts.  

In the passive training mode of autonomous trajectory, patients can use the 

swing amplitude and swing frequency of the mobile phone autonomous 

rehabilitation system according to their own recovery conditions. In the resistance 

training mode, the patient adjusts the magnitude and direction of the push-pull torque 

loaded by the system into the foot through the mobile phone, so as to achieve the 

purpose of the patient’s voluntary control of the muscle strength recovery process. 

The structure of the rehabilitation training system is shown in Figure 4: 

assisting 

equipments

assisting 

equipments

guide groove

sensor

mobile phone 

transmission

 

Figure 4. Structure of the rehabilitation training system. 
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As shown in Figure 4, the transmission rate of Bluetooth communication is 

generally 24Mbps–25Mbps, which can meet the requirements of real-time 

communication. Therefore, it is completely feasible to use a smartphone to control 

the ankle joint rehabilitation system. In addition, in the process of rehabilitation 

exercise, patients can listen to music while doing rehabilitation exercises. At the 

same time, the mobile phone is used to display the patient’s exercise status in real 

time, so as to improve the patient’s enthusiasm for exercise and maintain a good 

attitude, thereby improving the patient’s rehabilitation efficiency [24]. 

The specific process for image processing and biomechanical evaluation 

methods is as follows: 

a) Image processing workflow 

⚫ Image Acquisition: First, capture videos of the patient’s ankle joint movement 

using a high-resolution camera. 

⚫ Preprocessing: Perform preprocessing on the raw images, such as denoising, 

contrast enhancement, and grayscale conversion, to prepare for subsequent 

analysis. 

⚫ Background Separation: Use Independent Component Analysis (ICA) to 

separate the background from the foreground. Based on the principle of blind 

signal separation, ICA can extract independent source signals from mixed 

signals, achieving effective separation of the background and moving objects. 

⚫ Target Detection: Apply the Searcher Optimization Algorithm (SOA), a 

bio-inspired optimization algorithm that mimics natural search behaviors, to 

optimize target detection in the images. SOA searches for the optimal solution 

in continuous space, effectively addressing complex image processing issues. 

⚫ Motion Trajectory Tracking: Match and track the target across consecutive 

frames to obtain the motion trajectory. 

b) Target detection algorithm 

⚫ Target Representation: Treat each frame in the video sequence as a mixed signal 

composed of multiple independent components. 

⚫ Separation Method: Use blind image separation techniques based on 

Independent Component Analysis (ICA) to separate the background and 

moving objects from the mixed signals. 

⚫ Optimization Solution: Use the Searcher Optimization Algorithm (SOA) to 

optimize the objective function, achieving effective separation of the 

background and moving objects. 

⚫ Motion Trajectory Estimation: Estimate the trajectory of the moving objects 

through target matching between consecutive frames. 

3.4. Biomechanical evaluation of ankle assisted rehabilitation training 

system 

In this paper, on the basis of considering inertial force and inertial moment, the 

force analysis and force balance analysis are carried out respectively in the 

biomechanical analysis process, and the transfer relation of angular velocity is solved 

by the method of Jacobian matrix [25]. 
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According to the classification method of solving the rotation angle relationship, 

the Jacobian matrix is obtained by derivation of the obtained motor rotation angle 

with respect to time t. For simplicity, the Jacobian inverse matrix is obtained first, 

and the Jacobian inverse matrix is written as Equation (14): 

𝐽−1 = [
𝑗11 𝑗12
𝑗21 𝑗22

] (14) 

After obtaining the expression of the Jacobian inverse matrix, as long as the 

specific mechanism parameters and attitude parameters are substituted to obtain the 

inverse matrix, the specific value of the Jacobian matrix can be obtained, so the 

rotation angle relationship is Equation (15): 

𝐴12 =
𝑎 𝑠𝑖𝑛 𝛼 + 𝑙3 𝑐𝑜𝑠 𝛼 + 𝑙4

√(𝑎 𝑐𝑜𝑠 𝛼 − 𝑙3 𝑠𝑖𝑛 𝛼)2
 (15) 

The rest of the parameters are the same as those in the rigid-flexible combined 

drive mode and the system has external loads. When there is no external load, 𝛼 in 

all parameters can be regarded as 0. 

Most of the common feedback control uses PID control, and the feedforward 

control uses a dedicated feedforward controller. The advantage of feedforward 

control is that it can suppress the specific disturbance, but its disadvantage is that it 

has poor applicability. One controller can only be applied to one disturbance, and 

cannot suppress other disturbances. The feedback control can suppress multiple 

disturbances at the same time, but its rapidity is not as fast as the feedforward control. 

Therefore, the two can be integrated to make full use of the advantages of the two 

control algorithms. 

From the reciprocity of feedforward compensation, the friction torque 

compensation formula 𝑇𝑓𝑓 can be obtained as Equation (16): 

𝑇𝑓𝑓 = −(𝑠𝑔𝑛(𝑤) 𝑇𝑐 + 𝑠𝑔𝑛(𝑤) (𝑇𝑠 − 𝑇𝑐)) (16) 

From the torque formula of the DC motor, it can be concluded that when the 

speed is constant, the relationship between the motor driving voltage 𝑑𝑇𝑓 and the 

resistance torque 𝑇𝑓 is Equation (17): 

𝑢𝑓𝑓 = 𝐿𝑎𝑘𝑡
𝑑𝑇𝑓

𝑑𝑡
+ 𝑅𝑎

𝑇𝑓

𝑘𝑒
 (17) 

The controlled object of the ankle joint rehabilitation system includes a drive 

motor, an electric push rod and three rotating mechanisms. If the disturbance is zero 

in the DC motor model, the model of the motor can be obtained as Equation (18): 

𝐻(𝑠) =
𝐶𝑚

𝐿𝑎𝑆 + 𝑅𝑎
 (18) 

Among them, 𝐶𝑚 is the equivalent moment of inertia, and the transfer function 

between the motor output speed and the input voltage is Equation (19): 

𝑤(𝑠)

𝑢(𝑠)
=

𝐻(𝑠)

(𝐻(𝑠)𝐶𝑒 + 1)
 (19) 

When analyzing its stability, it is assumed that the external disturbance 𝐺 is 

zero. At this time, the transfer function of the rotating mechanism is Equation (20): 

𝐺1(𝑠) =
𝐺11(𝑠) + 𝐺11(𝑠)

1 + 𝐺11(𝑠) −𝑀1(𝑠)
 (20) 
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During the operation of the ankle joint rehabilitation system, in order to prevent 

the unpredictable external interference from destroying the stable operation of the 

system and causing secondary injury to the patient, it is necessary to increase the 

safety protection measures to improve the reliability and safety of the system 

operation.  

4. Target detection method and system performance test experiment 

based on before and after improvement 

Aiming at whether the ankle joint rehabilitation system can meet the 

rehabilitation requirements, in order to verify the reliability and stability of the 

method, simulation experiments are needed. At present, most scientific researchers 

use matlab and simulink simulation platform for controller design and simulation 

software, so this paper also chooses this platform for experiment [26]. 

To comprehensively evaluate the performance and reliability of the proposed 

ankle rehabilitation training system, this study designed a series of detailed 

experiments to validate the system’s performance under various conditions. In the 

experiment, we selected 150 patients with ankle injuries, aged between 20 and 60 

years, as participants, and categorized them into three groups based on the severity 

of their injuries: mild, moderate, and severe. Each group consisted of 50 patients to 

ensure sample representativeness. 

For the experimental setup, we used a custom DC motor model with the 

following parameters: rated voltage of 24V, rated current of 5A, maximum torque of 

2Nm, and a speed of 1200rpm. Additionally, the maximum push force of the electric 

actuator was set to 500N with a stroke range of 0 to 500mm to accommodate various 

rehabilitation needs. For the rotational mechanism, the rotational angle range for 

each joint was set to ± 45° to cover the movement range of the ankle joint in most 

daily activities. 

During the experiment, we simulated different lighting conditions to test the 

robustness of the image processing algorithm. The range of illumination intensity 

varied from 200lux to 1000lux, simulating environments from dim indoor settings to 

bright sunlight conditions. Additionally, to test the system’s tracking accuracy, a 

standard toe trajectory was set as a reference. This trajectory, of moderate complexity, 

included both straight and curved segments to comprehensively assess the system’s 

tracking ability. The system was required to maintain a tracking error within 0.01cm 

to 0.03cm in all experiments to ensure accuracy meets clinical requirements. 

During passive training, the system precisely controlled the motor output to 

move the patient’s ankle joint along the predefined trajectory. As the rehabilitation 

process progressed, the system gradually transitioned to the active training phase, 

during which the patient was required to perform the movements independently 

while the system provided necessary assistance and support. To validate the 

effectiveness of the target detection algorithm, we used small black squares with 

dimensions of 20mm × 20mm as simulated moving targets, randomly placed in 

different positions on each image background to simulate complex movement 

trajectories. In the experiment, we adjusted the gray level of the background image 

to simulate lighting variations, with the gray level value ranging from 50 to 200. 
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4.1. Comparison experiment of moving target detection algorithm before 

and after improvement 

In this paper, 5 images are selected for 6 experiments, a small black square with 

a small volume is added to each image to simulate a moving target with a certain 

trajectory, and the change of illumination is simulated by changing the gray level of 

the background image. The improved method in this paper and the traditional target 

detection method are used for moving target detection. The results of the six 

experiments are shown in Tables 1 and 2: 

Table 1. Experimental results of moving target detection by the method before 

improvement. 

Number of 

experiments 
Volume Clarity Operation hours 

1 0.20 46% 0.18s 

2 0.20 42% 0.20s 

3 0.20 45% 0.25s 

4 0.20 49% 0.46s 

5 0.20 47% 0.55s 

6 0.20 50% 0.58s 

Table 2. Experimental results of the improved method for moving target detection. 

Number of 

experiments 
Volume Clarity Operation hours 

1 0.20 68% 0.19s 

2 0.20 72% 0.23s 

3 0.20 76% 0.26s 

4 0.20 75% 0.30s 

5 0.20 77% 0.37s 

6 0.20 79% 0.39s 

As shown in Tables 1 and 2, due to the relatively small volume of the moving 

object, the background image and the moving object are aliased together, and it is 

difficult to identify the moving object and the moving trajectory from the image. 

After the improved method is used for separation, the moving target detection results 

are obtained, and the movement trajectory of the small squares can be clearly 

observed. Although the running time of the first three experiments of the improved 

method is better than that of the algorithm in this paper, the operation time of the 

algorithm can be further shortened in the latter three experiments by optimizing the 

program structure of the algorithm. 

In order to verify the effectiveness of the algorithm, the simulated moving target 

and the actual moving target are used to verify the algorithm, and the effect is shown 

in Figure 5: 
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(a) Detection effect of the two algorithms under the simulated moving target. 

 

(b) Detection effect of the two algorithms under the real moving target. 

Figure 5. Detection effects of the two algorithms under the simulated moving target 

and the actual moving target. 

As shown in Figure 5, it can be seen from Figure 5a that although the 

algorithm before the improvement is lower than the algorithm after the improvement 

under the simulated moving target, the detection effect of the two algorithms is not 

very different. It can be seen from Figure 5b that the algorithm before the 

improvement is lower than the algorithm after the improvement under the real 

moving target, and the difference is large. It shows that the improved method has a 

remarkable ability to withstand the grayscale changes of the image background, and 

the algorithm can track the position and speed well and can ensure the regular 

repetitive motion of the patient. Repetitive exercise in rehabilitation medicine can 

promote lower extremity patients to restore their own motor function and rebuild the 

central nervous system.  

4.2. System performance test 

After completing the design of the ankle joint rehabilitation system, it needs to 

be analyzed through experiments. In order to reduce the influence of other factors on 

the experimental results, before and after the improvement, a two-degree-of-freedom 

IMC controller without feedforward control was used to realize the speed 

closed-loop control. The given motion trajectory of each rotating joint of the ankle 
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joint rehabilitation system calculated based on the toe motion was used to move. The 

running results are shown in Table 3: 

Table 3. Joint running results. 

Number of 

experiments 
Predetermined toe trajectory Actual toe trajectory Error 

1 0.01cm 0.03cm 0.02cm 

2 0.03cm 0.05cm 0.02cm 

3 0.02cm 0.04cm 0.02cm 

4 0.05cm 0.02cm 0.03cm 

5 0.06cm 0.07cm 0.01cm 

6 0.05cm 0.03cm 0.02cm 

As shown in Table 3, the system can well realize the single-degree-of-freedom 

autonomous trajectory following function, and the position following error is 

basically kept within 0.03cm. It can be seen that the mechanism runs stably, and the 

following motion error of the predetermined toe trajectory of each rotating 

mechanism is basically consistent with the following error of the individual running 

position. Before selecting the exercise mode and starting to exercise, the Bluetooth 

communication is manually detected and linked to confirm whether the 

communication is normal. The experimental results of the autonomous trajectory 

following running time of the system are shown in Table 4: 

Table 4. System autonomous trajectory following running time. 

Number of experiments Angular acceleration (rad/s) Push-pull torque change 

1 −416.15 0.01% 

2 −410.27 0.03% 

3 −412.28 0.08% 

4 −415.36 0.07% 

5 −426.40 0.05% 

6 −408.89 0.06% 

As shown in Table 4, the maximum operating angular acceleration of the 

system is less than the sensory threshold of the human body’s diagonal acceleration 

(−322.110rad/s). When the patient performs single-degree-of-freedom autonomous 

trajectory following control training, the human body would not perceive the shaking 

phenomenon of the system. During the experiment, the torque provided by the foot 

force is always greater than the torque provided by the system, and the current also 

changes when the foot shakes. When the torque provided by the foot is not much 

different from the torque provided by the motor, the force of the foot cannot maintain 

a static state well, resulting in a slight jitter, indicating that the push-pull torque 

provided by the system changes smoothly. 

The simulation results of the ankle joint torque of the system designed using the 

algorithm in this paper are shown in Figure 6: 
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(a) Position tracking map. (b) Speed tracking diagram. 

Figure 6. System position and velocity tracking diagram. 

As shown in Figure 6, it can be seen from Figure 6a that the difference 

between the position tracking of the system and the actual position is very small, 

indicating that the tracking ability is very strong; it can be seen from Figure 6b that 

the speed tracking of the system is not much different from the actual speed, 

indicating that the tracking speed is also fast. The error between the ideal value and 

the actual value of each joint’s position and velocity is kept within a certain range 

and tends to be stable, showing strong robustness. It can be seen that the position and 

speed are basically coincident, which realizes accurate trajectory tracking and helps 

the patient to complete the planned gait. Therefore, the algorithm proposed in this 

paper has a good application prospect. In particular, it can be applied to the force 

control of other related rehabilitation systems. 

In order to illustrate the rehabilitation function of the rehabilitation system, this 

paper mainly divides the patient’s exercise ability into two stages: early 

rehabilitation and late rehabilitation. The joint torque in the early stage of artificially 

planned rehabilitation is 0 times of the ideal joint torque, that is, the completely 

passive training mode. The joint torque of the lower limbs in the late stage of 

rehabilitation is 3/4 times of the ideal joint torque. The simulation results are shown 

in Figure 7: 
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(a) Joint torque diagram in the early stage of rehabilitation. 
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(b) Joint torque map in the late stage of rehabilitation. 

Figure 7. Early and late rehabilitation joint moment diagrams. 

As shown in Figure 7, it is found from Figure 7a that the joint torque in the 

early stage of rehabilitation is not in good agreement with the value measured by the 

system; it is found from Figure 7b that the joint torque in the late stage of 

rehabilitation is basically consistent with the value measured by the system. It can be 

concluded that the muscle activity is enhanced in the late rehabilitation period, and it 

shows that the rehabilitation system has good tracking and robustness for different 

rehabilitation periods of patients. It also shows that the resultant torque required by 

the rehabilitation system to complete a specific gait is certain. Therefore, in different 

rehabilitation periods of patients, the rehabilitation method can realize the learning of 

the motor ability of the human-machine lower limb system. When the resultant 

torque is constant, the auxiliary torque provided by the rehabilitation system and the 

torque provided by the lower limbs of the human body compensate each other, which 

maximizes the patient’s autonomous participation ability, and ensures that the 

resultant torque input to the human-machine lower extremity system is kept within a 

certain error range.  

In order to verify the practicality of the system, 150 patients with ankle joint 

were subjected to systematic rehabilitation intervention, and 150 patients were 

divided into Group A and Group B. Among them, Group A received rehabilitation 

training without systematic intervention, and Group B received rehabilitation 

training with systematic intervention. After 6 months, the comparison results of the 

speed and degree of rehabilitation between the two groups are shown in Figure 8: 

 

(a) Comparison of the speed of recovery between the two groups. 
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(b) Comparison of the degree of recovery between the two groups. 

Figure 8. Comparison of the speed and degree of rehabilitation between the two 

groups. 

As shown in Figure 8, it is found from Figure 8a that the speed of Group A is 

much lower than that of Group B in terms of rehabilitation speed; it is found from 

Figure 8b that the speed of Group A is not as good as that of Group B in terms of 

rehabilitation effect. It can be seen that the patients who use this system for 

intervention have stronger rehabilitation effect. Therefore, no matter whether the 

system is continuously changing or constant, the rehabilitation system can realize the 

process from completely passive training to active training, and the joint angle and 

joint speed are well tracked, which enhances the degree of muscle activity and can 

learn the patient’s movement at the same time. It provides auxiliary torque according 

to the patient’s exercise ability, and maximizes the patient’s own participation ability. 

During the use of this system, patients generally expressed a positive attitude 

towards their experience and feedback. They found the system to be very intuitive 

and convenient, with a user interface that simplifies the operation steps, allowing 

even users with lower technical skills to easily get started. The overall satisfaction 

with the system is high, primarily due to its efficient motion trajectory tracking 

capability and stable performance. Patients reported a significant improvement in 

joint flexibility with the assistance of the system, and an enhancement in comfort 

during the rehabilitation process. The system’s ease of use was highly praised, with 

patients noting that the intuitive operation and feedback mechanism greatly reduced 

their burden during rehabilitation training. 

Table 5 provides feedback from ten patients who used the bionic ankle-assisted 

rehabilitation training system. It includes the joint range of motion before and after 

rehabilitation and the percentage of pain relief experienced by each patient. The data 

highlights the system’s effectiveness in improving joint flexibility and alleviating 

pain. 
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Table 5. Patient feedback on the bionic ankle-assisted rehabilitation training system. 

Patient ID 
Joint Range Before 

Rehabilitation 

(degrees) 

Joint Range After 

Rehabilitation 

(degrees) 
Pain Relief Percentage 

P001 30 52 55% 

P002 28 50 60% 

P003 31 49 58% 

P004 29 47 62% 

P005 27 46 64% 

P006 32 51 59% 

P007 30 50 57% 

P008 33 53 61% 

P009 29 48 63% 

P010 31 49 60% 

Table 5 presents feedback data from ten patients who used the bionic 

ankle-assisted rehabilitation training system, including the range of motion of their 

joints before and after rehabilitation, as well as the percentage of pain relief 

experienced. The data indicate that all patients experienced significant improvements 

in ankle joint range of motion after receiving system-assisted rehabilitation. For 

instance, patient P001’s joint range increased from 30 degrees to 52 degrees, while 

patient P005’s range improved from 27 degrees to 46 degrees. These improvements 

highlight the system’s effectiveness in enhancing joint flexibility. Additionally, pain 

relief results were notable, with patient P002 achieving a 60% reduction in pain and 

patient P009 reaching a 63% reduction. This data reflects the system’s significant 

advantages in both improving joint range of motion and alleviating pain, thereby 

effectively supporting the rehabilitation process for patients. 

The comparison results, shown in the table below, highlight the superior 

performance of the new system in terms of detection accuracy, operational efficiency, 

and user experience. 

Table 6. Comparison of performance metrics between traditional and new systems. 

Metric Traditional System New System 

Detection Accuracy (%) 55% 79% 

Operational Efficiency (s) 0.40s 0.30s 

Cost Reduction (%) - 20% 

User Interface Simplicity Moderate High 

Adaptability to Patients Low High 

Long-term Reliability Moderate High 

As demonstrated in Table 6, the new system achieves a higher detection 

accuracy of 79% compared to 55% for the traditional system, indicating a more 

effective target detection. Additionally, the new system operates more efficiently 

with an average operational time of 0.30s versus 0.40s for the traditional system. It 

also offers a 20% cost reduction and improved adaptability and reliability, enhancing 
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overall user experience and supporting diverse patient needs. This comprehensive 

improvement underscores the new system’s effectiveness and practicality in 

real-world rehabilitation applications. 

5. Conclusions 

The rehabilitation system has been extensively studied in recent decades. The 

application of system technology can not only reduce the labor intensity of 

rehabilitation technicians, but also scientifically evaluate the degree of rehabilitation 

of patients by analyzing the collected data. Due to the high reliability and accuracy 

of the rehabilitation system, the rehabilitation system is a good rehabilitation method, 

which is helpful for patients with ankle joints to restore their motor functions. 

However, in the traditional rehabilitation system, the patient’s movements cannot be 

quickly identified and detected. Therefore, this paper proposed an image-based 

moving target detection method. The searcher optimization method was applied to 

the moving target detection, which improved the search ability of the traditional 

method and further improved the detection effect of the traditional method. In order 

to allow the bionic ankle joint assisted rehabilitation training system to better detect 

the patient and select an effective motion plan for the patient’s actions, the proposed 

method was applied to the system, and the system was designed and the 

biomechanics of the system were analyzed in this paper. In the experiment, the 

method before and after the improvement was compared, and it was concluded that 

the improved method had a stronger detection effect. In the aspect of system 

performance testing, it was concluded that the tracking accuracy and error of the 

system designed in this paper were small and the stability was extremely high. 

Therefore, it is very meaningful to apply it to the rehabilitation training in real life. 

The bionic ankle-assisted rehabilitation training system proposed in this study 

has demonstrated excellent performance and stability. Through improved image 

processing and moving target detection methods, the system can track the patient’s 

movement trajectory with high precision, achieving outstanding results in tracking 

error. The system maintains tracking errors within the range of 0.01cm to 0.03cm, a 

range that is almost negligible in practical applications. This high precision in motion 

tracking not only ensures the accurate execution of rehabilitation training but also 

provides stable performance, meeting the stringent requirements for clinical 

rehabilitation devices. In terms of patient rehabilitation outcomes, the system 

effectively enhances patient engagement and motivation through real-time 

monitoring and feedback. The real-time display of movement status and predefined 

exercise trajectories allows patients to clearly understand their training progress, 

increasing the interactivity and enjoyment of the rehabilitation process. This 

real-time feedback mechanism helps patients better adjust their movements, reducing 

the negative impact of incorrect exercise techniques on rehabilitation and thereby 

accelerating recovery. The system’s high stability reduces the risk of equipment 

failure and data loss, providing a reliable rehabilitation environment for patients. 

Overall, the design and implementation of this system not only optimize the 

accuracy of motion detection and tracking but also significantly improve the 

effectiveness of rehabilitation training. The improved system effectively combines 
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advanced image processing technology with biomechanical evaluation, offering 

personalized rehabilitation support. Future research could further explore how to 

integrate this system with other rehabilitation methods to comprehensively enhance 

the patient’s rehabilitation experience and outcomes. 
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