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In this article, a tensegrity-based knee mechanism is studied for developing a high-efficiency rehabilitation knee exoskeleton. Moreover, the kinematics and dynamics models of the knee mechanism are explored for bringing about further improvement in controller design. In addition, to estimate the performance of the bionic knee joint, based on the limit function of knee patella, the limit position functionality of the bionic knee joint is developed for enhancing the bionic property. Furthermore, to eliminate the noise item and other disturbances that are constantly generated in the rehabilitation process, a noise-tolerant zeroing neural network (NTZNN) algorithm is utilized to establish the controller. This indicates that the controller shows an anti-noise performance; hence, it is quite unique from other bionic knee mechanism controllers. Eventually, the anti-noise performance and the calculation of the precision of the NTZNN controller are verified through several simulation and contrast results.
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1. Introduction

Rigid–flexible coupling robot technology has broad application prospects in medical diagnosis, pipeline fault detection, bionic structure manufacturing, and other fields. The tensegrity structure is an important part of this technology because of its lightweight and deployable characteristics. In the process of rehabilitation training, due to the symptoms of hemiplegia caused by stroke or cerebral hemorrhage in the patient, the rehabilitation training of the human knee joint becomes quite important. The knee joint can be regarded as a strongly coupled structure that is composed of bones, muscles, and ligaments. Hence, the components of a knee joint cannot be simply mapped to the traditional rigid linkage structure. More importantly, the motion characteristics of the knee joint should be analyzed when the movement takes place (Oshkour et al., 2011). Therefore, a bionic knee joint structure based on the principle of bionics can be constructed using the rigid–flexible coupling tensegrity structure.

The lower limb rehabilitation training of several rehabilitation robots has been analyzed in Arsenault and Gosselin (2005, 2006a,b, 2009); Vasquez and Correa (2007), Murray et al. (2015), Esquenazi and Talaty (2019), Nicholson-Smith et al. (2020), and Muralidharan and Wenger (2021). Yet, these robots have not been analyzed from the perspective of bionics. Since the tensegrity structure is considered to be a rigid–flexible coupling mechanism in Jung et al. (2018) and Liu et al. (2020), the problem has been considered from the viewpoint of bionics mechanism, but the dynamics analysis has not been carried out due to structural complexity. In Collins et al. (2015), Sankai and Sakurai (2018), Fitzsimons et al. (2019), and Kim et al. (2020), the wearable exoskeletons, which can be utilized for the patient rehabilitation process with upper and lower limb disabilities, have been established. Two bionic robots based on the ankle joint and the knee joint have been studied in Sun et al. (2019) and Zhang et al. (2020). These two bionic robots have been formatted as the ankle and knee joint tensegrity structures based on the human body constitution. However, owing to structural complexity, the dynamics models are not studied on a temporary basis. Therefore, when faced with a complex environment, these two bionic tensegrity structures may not meet the practical requirement. For the purpose of implementing the actual rehabilitation training scenario, the interference caused by external environments and patients, such as the mechanical manufacturing errors and the static friction between the rehabilitation robot with patients, cannot be avoided. As a result, the bionic tensegrity structure based on the dynamics analysis of human lower limb joints under noise environment is of great significance for further research of bionic human joints.

Considering the fact that during the human lower limb rehabilitation process, the torque, which is produced by the knee joint, cannot be ignored. In the different rehabilitation processes, the knee joint produces different knee torques. These knee torques should be considered in the design of dynamics models, which can demonstrate the influence of human knee forces on the bionic knee mechanism during the movement (Rifai et al., 2013, 2016). In addition, noise is unavoidable in the process of a bionic knee joint movement. In the field of anti-noise algorithm, the NTZNN algorithm has shown its advantages in the parallelly distributed computing and anti-noise fields (Hehne, 1990; Jin et al., 2017, 2018; Sun et al., 2020; Shi et al., 2021; Wei et al., 2021). In this article, the error caused by the actual trajectory and the desired trajectory can be seen as a non-linear objective function. Furthermore, the kinematics and dynamics of the tensegrity mechanism are studied. In addition, the limited function of the knee is realized by the mechanical design, for the purpose of showing the bionic performance of a knee joint tensegrity structure. The article is formulated as follows. In Section 2, it describes the structure of the human knee joint and the establishment process of the bionic knee joint tensegrity structure mapping model. The kinematics of the proposed structural mechanism are presented in Section 3. The dynamics model and the description of the NTZNN controller are proposed in Section 4. Simulation results in Section 5 prove that the bionic knee joint tensegrity structure is effective under the noise condition. Finally, in Section 6, the conclusion and future study are discussed. At the end of this paragraph, the main contributions of the article are summarized as follows.

1. A bionic knee joint tensegrity mechanism is proposed and studied. Furthermore, the limit position functionality of the knee joint is achieved through a mechanical design. In addition, the NTZNN model has shown its efficiency in designing a controller with the distractions of noise items.

2. A series of simulation and contrast results with the proportional integral differential (PID) controller are presented to prove the accuracy, computational efficiency, and the anti-noise performance of the NTZNN controller.



2. Establishment process of a bionic knee joint

In this section, by analyzing the muscles, bones, and ligaments of a knee joint, the tissues of a knee joint are simplified into one component that has the same function during the movement. In addition, a bionic knee joint structure based on the tensegrity structure is established according to the characteristics of a human lower limb. Based on the principle of bionics, the physical characteristics of the bionic knee joint, such as the limit self-locking function and muscle elasticity coefficient, are considered in the design process of a bionic knee joint.


2.1. Structural description of the knee joint

To establish the bionic knee joint mapping model, there is demand to investigate the structure of the human knee joint in detail. Therefore, in this subsection, the human knee joint is analyzed for further research. It is crucial to notice that only sagittal motions are considered in this article. Hence, the use of a human knee joint is mainly employed in the sagittal plane of the lower limb movement, such as going up- and downstairs, squatting, and jumping.

The knee includes four bones, the lower part of the femur, the upper part of the tibia, the upper part of the fibula, and the patella. Femur, tibia, and fibula act as weight bearing bones and force transfer during the lower limb movement. In addition, the patella plays a limiting role in preventing the lower limb from overextending during movement, thus avoiding injury to the human body. Therefore, the patella location-restricted self-locking function is the key function of bionic joint tensegrity. Furthermore, due to the knee bearing the responsibility of supporting the body weight, its stiffness is higher. Thus, the skeleton of the knee joint can be regarded as the strut of a tensegrity structure, which indicates that the stiffness of a strut is infinite compared with the cable. The muscles and ligaments of the human lower limb are responsible for generating and transferring the load. Knee muscles can be divided into four groups according to their role in the lower limb movement. More importantly, the deformation of a muscle relative to the external load is shown in Figure 1. The muscle viscoelastic coefficient is similar to the spring damping coefficient, which should be considered in the stage of elastic range. To a certain degree, the bionics performance of the knee tensegrity mechanism can be realized by considering the viscoelastic coefficient.


[image: Figure 1]
FIGURE 1
 The relationship between the knee joint deformation with an external load (Bahr and Maehlum, 2003).




2.2. Establishment process of the human knee joint mapping model

The knee joint mapping model and the bionic tensegrity structure are constructed in this subsection. For reducing the human tissue structure into a low-degree-of-freedom tensegrity structure, the strategy is to simplify the knee with basically the same function into the one structure. Under this strategy, the hamstring and tibialis anterior muscles are reduced to one muscle. The sartorius, semimembranosus, gracilis, and semitendinosus can be seen as one muscle. Furthermore, the quadriceps is simplified to a muscle. In addition, the gastrocnemius could be thought of as a muscle. As regards the bone and the bone-like tissue, the fibula and tibia are decreased to a single bone for the reason of their similar functionality. Due to their peculiar function, the patella and tissues that perform the same function are simplified into two struts. The bionic patellar groove, which can also be called as the pulley groove, is established to implement the ultimate self-locking function of the knee joint. A limiting device is constructed on the bionic patella groove. It prevents the pulley from going off course as it slides through the bionic patellar groove. The self-locking function of the bionic knee joint is realized through the aforementioned mechanism design ultimately. As regards the bionic knee joint structure, the rotating pair and the first strut can be seen as the simplified bionic patella structures. For the sake of simplifying the complexity of a bionic patella mechanism, we should also ensure that the bionic mechanism should realize the bionic purpose. The rotation pair should be fixed for limiting the bionic knee extension movement under the action of external forces.




3. Analyses of the bionic knee joint


3.1. Description of a bionic knee joint mechanism

From the viewpoint of bionics, the patella and similar functional tissues perform two main biological functions during locomotion. In the first place, it distributes the pressure more widely over the femur, with the strategy of increasing the contact range between the patellar tendon and the patella. In the second place, it helps in knee extension by creating a forward displacement of the quadriceps tendon throughout the range of motion. However, the range of motion of the patella is fairly small, relative to the overall motion of the knee joint from full flexion to full extension (Hehne, 1990). Furthermore, when the knee joint moves, the displacement of the patella leading edge is not obvious when compared with the femur, fibula, and tibia. As a result, its primary function is to protect the quadriceps femoral tendon. For the sake of simplifying the complexity of the bionic knee structure, which also reduces the degree of structural freedom, as a result, it is convenient to analyze the dynamics model of the bionic knee joint structure in the next step. Moreover, for achieving the self-locking function of the patella and for the purpose of preventing knee hyperextension, the revolute joint pair is fixed to the bionic patella. The pulley is slid in the bionic patella groove, which is aimed to finish the self-locking function of the knee joint during the lower limb movement. The range of knee flexion angles for a healthy adult is approximately 130o to 140o, but the stroke patients cannot complete the entire motion range. However, the range of motion of the affected limb is increased when the affected limb's physical condition is improved during the rehabilitation process. Therefore, the length of a bionic patellar groove can be changed to satisfy the different rehabilitation training stages.



3.2. Singular configuration

Singular configuration refers to the case where degeneracy occurs between the input and output variables of the structure (Arsenault and Gosselin, 2005). However, due to the limiting properties provided by the strut CF, DE, and bionic patellar groove, the bionic knee tensegrity structure may stop moving before reaching the singular configuration. Thus, the singular configuration is reached when the knee extension is the upper working boundary of the tensegrity structure. However, when the movement of the mechanism takes place, this situation should be avoided. In this case, the tensegrity system is degenerated, which may cause the tensegrity system to collapse. Furthermore, the situation is similar to the undue knee joint movements that could happen in real life rehabilitation.



3.3. Working curve

In the design process of a tensegrity structure, it is very important to study the working curve of the mechanism. In this subsection, the working curves of nodes C and D are obtained through the ADAMS software kinematic simulation, which can get the working spaces of angles θ and γ. Since two sets of linkage mechanisms are axially symmetric about the y axis, the operating curves of the two nodes are identical. In the kinematic simulation, the external forces are perpendicular to the x axis, which are acting on the nodes C and D; hence, the operating curve goes from the initial self-equilibrium state to the limit position when θ is equal to 90o. It can be seen from the kinematic simulation that the limiting mechanism based on the principle of bionics can prevent the overextension of the bionic knee joint structure under the action of external forces on nodes C and D. However, the displacements of points A and B cannot be restricted through the two-link mechanism alone. It reflects the significance for the bionic patellar groove's constraint functionality when facing the movement at points A and B. Furthermore, the yC and yD decrease when the force direction is opposite to the previous situation, the circumstance corresponds to the knee flexion. The yC and yD will decrease to zero eventually, yet the situation should be avoided in the actual operating circumstance.




4. Dynamics model and controller

To exploit the efficiency of the bionic knee joint tensegrity structure in the rehabilitation process, the dynamics model and the NTZNN controller of the presented tensegrity bionic knee joint are developed and studied in this section.


4.1. Dynamics model
 
4.1.1. Hypotheses

The following hypotheses are proposed to derive the dynamics model of the tensegrity structure:

1. The gravitational potential energy is neglected for the purpose of reducing the dynamics model's complexity.

2. The springs are massless.

3. Each strut is a thin rod of w mass and the moment of inertia is [image: image].

4. The spring is linearly damped with coefficients a1, a2, a3, and a4, in which a1 is equal to a2.



4.1.2. Equation form of the Lagrangian approach

As regards the tensegrity structure, it has two degrees of freedom, therefore, the β and γ are selected as the generalized coordinates. The dynamics model is developed by utilizing the Lagrangian approach, which is defined by

[image: image]

where P and K express the potential and kinetic energies of the tensegrity structure, [image: image] is the non-conservative force, and the q is equal to [β, γ]T. To reflect the influence on the dynamics model of viscoelasticity caused by muscle deformation, the non-conservative forces are formed in this subsection. The non-conservative forces correspond to the damping forces in the springs. In the tensegrity mechanism, the kinetic energy of the system is generated by the movement of the strut alone, thus the kinetic energy can be formatted as

[image: image]

where w1 and w2 are the masses of struts B1 and B2, individually.

In addition, the potential energy could be defined as:

[image: image]

where the subentry potential energy P1 is equal to P2. The z01, z03, and z04 are the initial lengths of the springs. The non-conservative force caused by spring damping is expressed as

[image: image]

where the z1, z3, and z4 are the presented lengths of the springs. As shown in Figure 1, the coefficient of muscle elasticity in the elastic range is similar to the coefficient of spring damping. The muscles are similar to the springs in the bionic knee joint. When muscles are deformed, the resistance produced by the friction between muscle fibers sticks to the extension and contraction of muscles. Consequently, the bionic performance of the bionic knee joint structure can be achieved by considering the elastic damping in the dynamics modeling process.

Hence, the dynamics model can be formatted as follows:

[image: image]

where [image: image]=[image: image], [image: image]=[image: image], τR, and u are the knee torque and control law, the matrix C has relations with the non-conservative force, and [image: image] is the matrix that is associated with the potential energy.

Detailedly,

[image: image]
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moreover,

[image: image]

and,

[image: image]
 


4.2. NTZNN controller

A continuous-time NTZNN model is utilized to design the control law in this subsection. In the process of the operation of the mechanism, the noises, which may include mechanical structure error, mechanical vibration, friction between components, feedback signal noise, external static friction and other factors, are inevitable items. In addition, the knee torque, which is generated by the human knee during rehabilitation, should be considered in the dynamics modeling process. In the human lower limb recovery process, different lower limb rehabilitation stages may cause different torques which are produced by the knee. For example, in the early stage of rehabilitation training, lower limb hemiplegia that is caused by stroke and other diseases may lead to an uncoordinated movement of lower limbs, which make lower limbs unable to move according to the patient's real intention. The actual lower limb movement trajectory may be in conflict with the rehabilitation robot. In addition, there is a special rehabilitation stage, which corresponds to be deprived of the nerve conduction function between the patient's central nervous system and the lower limb skeletal muscles. It could also be considered as the passive rehabilitation stage of a patient who has received a lower limb joint surgery or a total knee replacement, and in these circumstances, the knee torque τR is very small when compared with other situations (Cao and Huang, 2020). Therefore, in the modeling process, the knee torque could not be overlooked, and the knee torque τR should be considered in the modeling process. The knee torque τR could be seen as a constant torque, for the reason that in the same rehabilitation stage, the knee torque is roughly the same.

In this subsection, the problem is formatted as:

[image: image]

furthermore,

[image: image]

where R(y(p)) is equal to ∂ϕ(y(p))/∂y(p).

An error function can be generalized as:

[image: image]

Hence, a noise-suppressing zeroing dynamics model is defined by:

[image: image]

where β and λ are positive constants. δ is the time interval. Eventually, a continuous-time NTZNN model which is polluted by noise is given as:

[image: image]

which ε(p) is the noise item. In this subsection, considering the influence of noises and knee joint torques on the bionic knee joint control algorithm, an anti-noise ZNN model is established as the control algorithm to control the bionic knee joint dynamics model. To further study the NTZNN model, the theories are presented as follows.

Theorem 1. The ϕ(p) can be seen as a vector, which is to say that the time-varying vector Ξ(p) can be managed through utilization of the NTZNN model global convergence from selecting the initial states (Ξ0≠0∈ℝ) to the theoretical solution [image: image] randomly with constant noise ([image: image]).

Proof The noise-polluted NTZNN model could be transformed based on the Laplace transformation, which can be formatted as follows

[image: image]

As a result, the equation could be formed as

[image: image]

Furthermore, the transfer function of equation (16) should be formatted as j/(j2+jΛ+ι). In addition, the [image: image] and [image: image] are poles of the transfer function. Moreover, on account of Λ>0 and ι>0, the poles of the transfer function lie in the left half-plane, which can testify that the time-varying problem, which is polluted with the constant noise R(p), is stable. In addition, for the reason of the noise item is constant, hence, [image: image]. In summary, the following result can be defined as

[image: image]

The proof is thus complete.

Theorem 2. When ϕ(p) can be seen as a vector, it is to say that the time-varying vector Ξ(p) can be managed through utilization of the NTZNN model global convergence from selecting the initial states (Ξ0≠0∈ℝ) to the solution [image: image] with linear noise ([image: image]).

Proof For the reason of the Laplace transformation, the NTZNN model with linear noise polluted ([image: image]) should be defined as

[image: image]

where [image: image] is the Laplace transformation of R(p). Hence, the following results could be formatted through investigation of the final value theorem

[image: image]

As a result, a conclusion that [image: image] with ι → ∞ could be drawn. The proof is complete.




5. Experiments and analysis

In this section, through the experiments, the effectiveness of the bionic knee joint is verified under the interference of noise items.


5.1. The performance of a bionic knee joint tensegrity structure in different stages of rehabilitation

The moment and fixed noise of the knee joint in different rehabilitation stages are considered in the experiment to prove the anti-noise performance of the NTZNN controller and the accuracy of the bionic knee joint dynamics model. In the said experiments, three kinds of knee torques are proposed to represent the forces that are generated in different recovery stages. The three stages, namely, resistance rehabilitation stage, auxiliary rehabilitation stage, and passive rehabilitation stage, are distinguished by the knee joint torques, which are −40, 150, and 0 N·m, respectively (Zhao and Xu, 2011). Furthermore, to reflect the superiority of the NTZNN algorithm in an anti-noise field, a kind of mixed noise, which is formed by constant noise, linear noise, and random noise is presented in this subsection. The fixed noise is defined by

[image: image]

in which η is the constant noise, κt is the linear noise, and μ(t) is the random noise. η, κ, and μ are the coefficients.

The desired trajectory of the bionic knee joint in the experiment is acquired and fitted by ADAMS software. Therefore, the desired trajectory can delegate the real motion trajectory of the bionic knee joint in rehabilitation training. The motion trajectory can be defined as follows

[image: image]

[image: image]
 
5.1.1. Resistance rehabilitation stage

It is assumed that the patient is in the resistance rehabilitation stage. Although the patient can move the affected limb, it cannot carry out a series of rehabilitation activities completely according to the patient's real movement intention. The actual movement trajectory of the affected limb may encounter human–machine confrontation with the rehabilitation robot due to the uncoordinated movement of the affected limb. In addition, a series of rehabilitation training actions cannot be repeated for a long time due to muscle atrophy of the affected limb and various other reasons. Therefore, in the resistance rehabilitation stage, the knee joint torque generated by the affected knee joint is defined as a negative value, where the knee torque τR is equal to -40 N·m. The desired trajectory is utilized to explore the performance of the NTZNN controller. Figure 2 shows the position error between the actual trajectory and the desired trajectory of the bionic knee joint angle when using the NTZNN controller. The actual trajectory can converge to the desired trajectory using the NTZNN controller rapidly. The interference of internal and external noises to the model is considered during the design process of the NTZNN controller. The experimental results show that the fixed noise can be suppressed using the NTZNN model, which proves that the NTZNN algorithm has strong robustness and noise suppression ability. Although at the initial stage, there is an oscillation between the expected trajectory and the actual trajectory, nevertheless, with the increase in iterations, the error between the desired trajectory and the actual trajectory decreases and could reach the level of 1 × 10−4 gradually.


[image: Figure 2]
FIGURE 2
 Under the circumstance of τR is equal being −40, (A) is the error between the desired trajectory and the actual trajectory of θ, (B) the error between the desired trajectory and the actual trajectory of γ, (C) the desired the trajectory and the actual trajectory of θ and (D) the desired trajectory and the actual trajectory of γ.




5.1.2. Assistance rehabilitation stage

The physical condition of the affected limb will improve after a period of rehabilitation training. In this process, the affected limb of the patient moves smoothly, but the affected limb is generally unable to produce enough torque to carry out rehabilitation training in accordance with the requirements of rehabilitation training. Hence, patients still need the bionic knee to provide an additional torque to assist the affected limb to complete rehabilitation training in the assistance rehabilitation phase. The knee torque that a healthy adult can produce is around 170 N·m to 300 N·m. Although the affected limb can produce more torques in the auxiliary rehabilitation stage, it is still smaller than the normal torque. Thus, the knee joint torque is set as 150 N·m in the assistance rehabilitation stage. As shown in Figure 3, the fixed noise and knee torque 150 N·m are taken into account in the designing process of the NTZNN controller. The experimental results show that the NTZNN model could suppress the noise available, which makes the controller to be provided with robustness and anti-noise performances. In the assistance rehabilitation stage, the main objective for the controller is to manage the bionic knee movement under noise pollution. In addition, the purposes for using a bionic knee are to enhance the muscle strength by assisting with rehabilitation exercises and to facilitate the reconstruction of the somatosensory stimuli according to rehabilitation goals. The experiments have proved that under the noise pollution, the NTZNN controller could suppress the fixed noise and control the bionic knee to assist the patient to complete the rehabilitation goals, which demonstrate the accuracy and effectiveness of the NTZNN approach.


[image: Figure 3]
FIGURE 3
 Under the circumstance of τR being equal to 150, (A) is the error between the desired trajectory and the actual trajectory of θ, (B) the error between desired trajectory and the actual trajectory of γ, (C) the desired trajectory and the actual trajectory of θ and (D) the desired trajectory and the actual trajectory of γ.




5.1.3. Passive rehabilitation stage

To verify the versatility of the bionic knee joint, that is, rehabilitation training can be completed under various circumstances, this subsection designs a passive rehabilitation stage. This situation applies to patients who have undergone knee surgery or total knee replacement surgery. Therefore, the rehabilitation training action of the affected limb is completely driven by the bionic knee joint. Compared with the torque generated in other rehabilitation stages, the knee joint torque in the passive rehabilitation stage is very small, so the knee joint torque is approximately equal to zero. Since the knee joint torque is zero, the only interference in the dynamics model is the fixed noise during passive rehabilitation. As shown in Figure 4, the dynamics model can achieve a low error and the convergence speed is faster than other rehabilitation stages under the control of the NTZNN algorithm. It also verifies that the knee torque τR should be seen as a disturbance torque during the movement of the bionic knee joint, which demonstrates the importance of the NTZNN controller's anti-noise performance.


[image: Figure 4]
FIGURE 4
 Under the circumstance of τR being equal to 0, (A) is the error between the desired trajectory and the actual trajectory of θ, (B) the error between the desired trajectory and the actual trajectory of γ, (C) the desired trajectory and the actual trajectory of θ and (D) the desired trajectory and the actual trajectory of γ.





5.2. Contrast experiments

To demonstrate the superiority of the NTZNN algorithm in the field of noise suppression, the PID algorithm is used as the controller to control the bionic knee joint dynamics model in the contrast experiments under the noise condition. In the actual rehabilitation training process, not only will the external environment cause interference to the rehabilitation training process, but the patient's own health conditions will also cause certain interference to the rehabilitation training process, such as an involuntary spasm of the affected limb. The experimental results show that, the position errors of bionic knee joint angles θ and γ will increase with the introduction of fixed noise and knee torque gradually. It could be seen from Figure 5 that, with the growing number of iterations, the position error between the desired trajectory and the actual trajectory increases to the extent that it can affect the operation of the bionic knee joint. The interferences of external environment and patients to the rehabilitation training process are inevitable in the actual training situation under the interference of non-ideal factors. If the interferences to a rehabilitation training process are ignored when designing the control algorithm of a bionic knee joint, it may cause secondary injury to the affected limb during the rehabilitation process. Therefore, the NTZNN algorithm with an anti-noise ability offers great advantages in the design course of a bionic knee joint control algorithm. An NTZNN algorithm is established as the controller of a bionic knee joint dynamics model by analyzing the influence of the external noise and the knee joint torque on the bionic knee joint control algorithm in the actual rehabilitation training process. The experiments of three different rehabilitation stages and comparison experiments show that the NTZNN algorithm has significant advantages in suppressing non-ideal factors in rehabilitation training.


[image: Figure 5]
FIGURE 5
 Under the circumstance of τR being equal to 150, (A) is the error between the desired trajectory and the actual trajectory of θ and (B) the error between the desired trajectory and the actual trajectory of γ.





6. Conclusion

In this article, a bionic knee joint tensegrity structure in noise environment has been developed and studied from the viewpoint of principle of bionics. Moreover, the knee joint torques at different rehabilitation stages have been considered in the controller design process, so as to reflect the influence of the human knee force acting on the bionic knee joint tensegrity structure. The dynamics model of the bionic knee mechanism has been established by means of analyzing the kinetic energy and potential energy of the system. Eventually, the simulations and contrast results have shown that the NTZNN controller has advantages in noise suppression and computational efficiency. The main work in future would be to undertake research on the bionic hip joint structure with a remarkable bionic performance.
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