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Abstract

:

In order to achieve the normal walking of hemiplegic patients, this paper proposes a single-legged exoskeleton robot according to the bionics principle, and presents an adaptive adjustment strategy for walking characteristics. The least square regression analysis is used to fit the angle data of healthy leg joints by cubic polynomials, and then the parametric design of the fitted curve is carried out to obtain the influence of the user’s stride frequency and stride length on the joint angle, so that the gait of the exoskeleton can be adjusted in real time according to the stride length and stride frequency of the healthy leg to realize normal walking. In order to verify the effectiveness of the adaptive adjustment strategy proposed in this paper, the angle of leg joints under normal gait is collected in advance. In addition, an adult male is chosen as the subject to walk on the horizontal ground wearing the single-legged exoskeleton as the experiment. The experimental results show that the designed exoskeleton is reasonable, and the adaptive adjustment strategy proposed in this paper can make the exoskeleton adapt well and follow the gait of healthy legs to achieve a more natural walking state.
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1. Introduction


The development of medical rehabilitation exoskeleton robot makes it possible for amputees or hemiplegics to walk normally [1,2]. In order to help patients with lower limb dyskinesia walk normally, various exoskeleton robots and their control algorithms have been developed by researchers. In order to realize better cooperation between humans and robots, the reliable exoskeleton robot platform and effective control algorithm are particularly important [3]. As mentioned in [4,5,6,7], exoskeleton robots can provide people with movement support, some of which can also enhance the strength, speed, and endurance of operators. In addition, the emergence of lower limbs exoskeleton robots increases the possibility of hemiplegia patients’ recovery [8,9]. In actual, research on lower limb exoskeletons have been carried out for decades. The exoskeleton can also be called a power assist equipment. Kawamoto et al. [10] have pointed out that the power assist is performed according to the operators’ intention by using the electromyogram signal as the primary command signal. It stores walking patterns generated by the first time when the person tries on the suit. There is a famous powered exoskeleton suit called HAL (Hybrid Assistive Limb), which is developed by Japan’s Tsukuba University and the robotics company Cyberdyne. The exoskeletal frame of the HAL3 system consists of a four-link, three joint mechanism with the links corresponding to the hip, the thigh, the shank, the foot, and the joints corresponding to the hip, the knee, and the ankle joints of the human body [11,12,13]. In [14], a bipedal driven balance assist system is proposed, which enables the operator to improve the balance force by manipulating the robot, thus reducing the problem of autonomous walking. In [15], an exoskeleton embedded sensing system is designed to obtain the motion data of the user by mapping the motion information of the exoskeleton to the human body. Many existing studies on dynamic exoskeleton related to spinal cord injury are reviewed in [16], which points out that the exoskeleton technology currently used on the ground is relatively novel, and the long-term use of exoskeleton for gait training is very effective. There are various driving methods of the exoskeleton. Yang et al. have proposed a novel lower limb exoskeleton which is driven by linear single-rod electrohydraulic actuators. It combines the mechanical structure of the exoskeleton with an embedded electronic system to perform periodic output tracking [17]. Tang et al. have designed a new gait rehabilitation robot using a cable-driven parallel mechanism in pairwise cable arrangement, which enables alleviating discomfort of patients and relieving potential dangers from rigid robots compared to conventional rehabilitation rigid-link robots [18]. In addition, this exoskeleton can also detect falling and make the necessary movements. The balance of hip joints plays a vital role in exoskeleton assisted walking. Therefore, a new balanced auxiliary control strategy for hip joint exoskeleton robot is proposed. The walking balance is implemented through a hierarchical balance assistive controller based on the virtual stiffness model of an extrapolated center of mass to improve the stability margin [19,20].



In recent years, exoskeletons have been increasingly used in the medical field. Many existing bionics companies have designed the medical exoskeleton and proposed that the medical exoskeleton can provide paraplegic patients with the ability to walk again, but it can hardly achieve a balance between speed and stability at the same time [21]. Esquenazi et al. indicate that, according to the user’s walking ability, clinicians can change the energy provided to each leg through intelligent assistant software [22], so that it can obtain the most suitable auxiliary force. Wheelchairs have long been the preferred tool for paraplegics, but they are not as flexible as walking with two legs. In light of this, suitX of California designs a two-legged medical exoskeleton that weighed just 27 pounds to free paraplegics from the shackles of traditional wheelchairs in 2016. It is relatively flexible and can adjust according to the size of body. For the realization of exoskeleton assisted patient walking, the most critical is the estimation of human walking intention. An online learning and prediction algorithm of joint trajectory and joint torque is proposed, which can predict smooth human joint trajectory and joint torque curve in real time, and can compensate the phase delay caused by sensor signal filtering [23].



The above exoskeleton products are mostly designed with two legs. However, if a hemiplegic patient has a healthy leg and a hemiplegic leg, a single-leg exoskeleton can be used to make full use of the information about the patient’s healthy leg and increase the patient’s active participation in walking. It is pointed out in literature [24] that, in this case, the use of a single-leg exoskeleton can reduce the weight burden of hemiplegia patients, and it is effective and convenient for the movement recovery of hemiplegia patients. In consideration of these imperfections, Hassanet et al. [25] introduced a wearable sense system for the single-legged exoskeleton to generate a stable gait, in which an instrument walking stick was added to reflect the condition of the upper limb. Based on the previous standard version of HAL, a single-legged exoskeleton helper robot is improved by Hiroaki Kawamoto. In addition, the effectiveness of the system is verified in patients with knee injuries [24]. Moon et al. designed a single leg knee exoskeleton in literature [26], which used a wire-driven actuator to reduce the weight of the driving section and a sensor that detected the distance between the knee rotation center and the ankle to detect the motion intention, achieving a recognition accuracy of 82.1%. In the same year, in literature [27], they fused this sensor with the EMG sensor and improved the success rate of intention recognition to 92%.



Stride length, stride frequency, joint angle, and joint moment are very important parameters to reflect walking difference in the process of walking. Even for the same person, the characteristic parameters are different in different walking periods. Traditional control methods cannot adjust characteristic parameters in real time during walking [28]. In some cases, the adjustment of gait parameters is divided into three grades: large, medium, and small, which cannot achieve continuous adjustment. In literature [29], EMG signal and walking speed parameters were used to adjust the ankle joint torque. Based on the characteristics of human walking symmetry, an adaptive adjustment strategy is proposed, that is, the stride length and stride frequency of the exoskeleton are adjusted in real time according to the change of the joint angle of the healthy leg, which makes full use of the information of the healthy leg and improves the enthusiasm of the hemiplegic patients.



The main contribution of this paper is to design a single-legged exoskeleton robot with only 6 kg and propose an adaptive adjustment strategy for single-legged exoskeleton. This exoskeleton robot is suitable for those patients with one leg being damaged and the other leg being completely healthy. It is more conducive to the recovery of walking ability of the disabled leg and will not burden the healthy leg. While walking with the exoskeleton, users can collect walking data of the healthy leg by wearing motion capture sensor on the healthy leg, and the collected data are transmitted to the upper computer wirelessly. After that, the upper computer calculates and learns the walking data received, and then sends processed data to the lower machine mounted on the single-legged exoskeleton robot, which can not only make the injured leg have a similar gait to the healthy leg but also improve the stability of the walking process. Furthermore, the healthy foot wears the pressure sensor to divide the gait cycle, so that the exoskeleton can judge the user’s walking intention according to the data collected by the pressure sensor and adjust the walking speed independently.



The remainder of this paper is organized as follows: In Section 2, we design the structure of the single-leg exoskeleton, introduce the information acquisition system for the exoskeleton, and develop a control strategy based on communication principle. In Section 3, an adaptive adjustment strategy for walking characteristic is proposed. By curve fitting and parametric design, the effect of stride frequency and stride length on the joint angle is obtained. At the same time, the variation of the joint curve after parametric design is recorded. In Section 4, we choose five men as the objects to do experiments, and the experimental results are analyzed. In Section 5, we conclude the paper.




2. Experimental Platform


2.1. Mechanical Structure


The mechanical structure of the single-legged exoskeleton robot designed in this paper is shown in Figure 1. It includes the waistband, hip joint, belt, thigh link, knee joint, shank link, and ankle joint from top to bottom. The waistband is used to bind the exoskeleton to the waist. The exoskeleton has four degrees of freedom. Two motors are set respectively at the hip joint and knee joint as the active joints, which control the swinging back and forth of the exoskeleton. Two motors on the ankle joint are set as passive ones by turning off the power of motors, which can not only provide active torque but also ensure walking comfort. When we design schemes to solve redundancy, the acceleration limit of nodes is considered by referring to the method proposed in [30]. The joint adopts M3508 brushless DC servo motor and 1:100 harmonic reducer, and the motor combination that can meet the torque requirements of driving human lower limb movement is proved by the theory and practice. Compared with the two-leg exoskeleton, the single-leg exoskeleton has a certain instability in structure. However, human–machine coordination and stability are achieved through the coordination of the exoskeleton and the healthy leg on the other side.




2.2. Acquisition and Communication System


The information acquisition system is composed by the motion capture sensor referred to as WSSS provided by Creasen High-Tech Co., Ltd. Shenyang, China and the self-made foot pressure sensor. The physical picture is shown in Figure 2. WSSS is a three-dimensional motion attitude measurement system based on MEMS technology that integrates a high-precision triaxial gyroscope, triaxial accelerometer and triaxial magnetic sensor. A low-power processor is used inside WSSS to return quaternion and Euler angles in real time, with angular resolution of 0.01 degree. The self-made foot pressure sensor is made of a thin film pressure sensor. According to the shape of a human foot and the pressure characteristics while walking [31,32], there are four pressure points that are set. The first, second, and third pressure points are near the first and second metatarsal bones, and the fourth pressure point is on the heel. In this paper, we divide the human walking cycle into four stages, namely landing transition period, support period, off-ground transition period and swing period. The walking state of the patient can be judged through the analysis of the stress on the four pressure points, as shown in Figure 3. Plantar pressure is an important indicator to evaluate patient movement status and predict patient movement intention [33]. Therefore, it is particularly important to establish the corresponding relationship between foot pressure and human walking gait characteristics.



The flow chart of data communication system is shown in Figure 4.



The MCU1 is the controller connected to the upper computer, and MCU2 is the controller connected to the single-legged exoskeleton. The patients wear the exoskeleton and sensors, which transmits the data of healthy leg joints and foot pressure collected by the sensor to the upper computer via a USB wireless receiver. The upper computer calculates the angle of the adjacent WSSS sensor coordinate system, and uses inverse kinematics to obtain and store the joint angles of the hip and knee. Then, these data are sent to MCU1 through serial port. The data transmission between MCU1 and MCU2 is completed by wireless transmission. The data received by MCU2 are internally settled according to the defined protocol, and a CAN bus is used to communicate with the actuator to realize motor control. The PID algorithm was used to complete motor control. According to the data feedback of the exoskeleton joint motor encoder, the closed-loop PID control is carried out to control the exoskeleton motion accurately. The PID control diagram is shown in Figure 5. In the figure,    θ  t a r     is the target angle of the joint motor,    θ  f b     is the feedback angle of the joint motor, and   τ   is the current to the actuator calculated by the PID algorithm. It is worth mentioning that the upper computer still continuously receives the Euler angle and foot pressure of the healthy leg transmitted by the sensor, then works out the joint angle of the healthy leg in real time in the practical application stage of the exoskeleton robot. Then, the motion intention of the patient can be predicted based on the foot pressure, and the stride length and stride frequency of the gait data are adjusted by the walking characteristics recognized from the data of sensors fixed on the healthy leg. Finally, the adjusted joint angle is sent to the lower computer.





3. Adaptive Adjustment Strategy


The adaptive adjustment strategy proposed in this paper is a kind of control method for which the exoskeleton robot can be adjusted in real time according to the user’s walking gait and the user’s walking habits. This paper describes the user walking gait by means of stride length and stride frequency. First, the curve fitting of the joint angle data of normal gait in a walking cycle is carried out, and then we need to find out the relationship between the curve equation and stride length and stride frequency. Through this correspondence, the stride length and stride frequency of the exoskeleton are adjusted to achieve the purpose of self-adaptation. The adaptive adjustment strategy is implemented by the Python program on the upper computer.



3.1. Joint Angle Fitting


The joint angle data of normal walking is collected through the WSSS sensor, and the data of one cycle is extracted, which can be seen in Figure 6. Then, the data of this cycle are fitted. In the experiment, we try to fit the curve of a polynomial (quadratic function, cubic function, quartic function, etc.), but the result is not ideal. For example, only one cubic function will result in a lower fitting degree of the function image, while only one fifth or sixth function will have a great fitting at the beginning but serious deviation at the end. Therefore, this paper fits the data with several lower order polynomials.



Based on the above idea, the joint angle curve is divided into two sections according to time. The first section is represented as    f 1   ( t )   , and the second section is represented as    f 2   ( t )   . Then, the least square regression analysis method is used to fit the two sections of the curve respectively by a cubic polynomial. However, the two sections of the fitted curve cannot be smoothly connected; a cubic polynomial    f  m i d    ( t )    is selected to interpolate the two sections of the curve, which make the two sections of the curve be smoothly connected. Firstly, select 5–10 points on    f 1   ( t )    and    f 2   ( t )   , respectively, and take the n-th point on    f 1   ( t )    as the initial point of interpolation, and the m-th point on    f 2   ( t )    as the end point of interpolation. The selection of initial point and end point needs to satisfy the condition as follows:


          f  m i d _ b e g i n   =  f 1   (  t n  )         f  m i d _ e n d   =  f 2   (  t m  )           f ′    m i d _ b e g i n   =    f 1   ′   (  t n  )           f ′    m i d _ e n d   =    f 2   ′   (  t m  )          



(1)




where   f  m i d _ b e g i n    represents the initial point of the interpolation curve, and   f  m i d _ e n d    represents the end point of the interpolation curve. Then, the cubic equation of the intermediate connection curve can be solved through Formula (1).



By taking the joint angle data of the period selected previously into the above fitting method, the fitting function of knee joint and hip joint can be obtained as follows. The curve of the function is shown in Figure 7. The fitting function obtained is the benchmark for the subsequent stride length and stride frequency analysis.



The curve fitting function of the hip joint is:


      f  h i p    ( t )  =      − 1.608  t 3  − 4.130  t 2  + 16.604 t − 1.682   − 1.923 < t < − 0.142       − 51.958  t 3  − 172.523  t 2  + 139.829 t − 21.133   − 0.142 ≤ t ≤ 0.782       49.355  t 3  − 172.523  t 2  + 139.829 t − 21.133   0.782 < t < 1.982          



(2)







The curve fitting function of the knee joint is as follows:


      f  k n e e    ( t )  =      − 3.117  t 3  + 2.877  t 2  + 9.840 t + 8.578  − 1.923 < t < − 0.142       35.796  t 3  − 0.086  t 2  + 7.024 t + 8.346   − 0.142 ≤ t ≤ 0.782       9.735  t 3  − 95.464  t 2  + 207.144 t − 77.374   0.782 < t < 1.982          



(3)




where t represents time and   f ( t )   represents joint angle. It can be seen from Figure 7 that the variation of joint angle after fitting is basically consistent with the original data and the connection is smooth.




3.2. Adaptive Adjustment Strategy


3.2.1. Parameterization of Fitting Equations


After the joint angle curve fitting is completed, three cubic polynomials are obtained to describe the angle data of a gait cycle. However, there will be different stride length and frequency in the whole walking process. In order to adapt to the gait characteristics of different people, it is necessary to find out the relationship between stride length and stride frequency and Formulas (2) and (3). The adaptive adjustment strategy proposed in this paper is realized through the above relations. Firstly, the fitting equation obtained in Section 3.1 is abstracted into a general cubic polynomial:


   f 0   ( t )   = A  t 3  + B  t 2  + C t + D  



(4)




where t represents time,    f 0   ( t )    represents joint angle at time t, and A, B, C, and D represent known parameters, all of which are constants.



The idea of this algorithm is to stretch and shift the fitting curve. Among them, the stretch transformation up and down of the curve corresponds to the change of the motion amplitude of the exoskeleton robot, that is, the stride length. The stretching transformation left and right of the curve corresponds to the change of the motion frequency of the exoskeleton robot, that is, the stride frequency. Shifting the data curve up and down can change the initial angle of the exoskeleton robot motion. Shifting the data curve to the right or to the left can change the time characteristics of the data curve. Based on this idea, the formula of    f 1   ( t )    is obtained by parameterizing    f 0   ( t )    as follows:


   f 1   ( t )  =  ( A   ( a t + b )  3  + B   ( a t + b )  2  + C  ( a t + b )  + D )  c + d  



(5)




where a, b, c, and d represent the four parameters added to the original curve equation. Formula (5) can be simplified to    f 1   ( t )  = c  f 0   ( a t + b )  + d  . By changing these four parameters, we can shift and stretch    f 0   ( t )   . Take the knee joint curve equation as an example to perform the stretching and shifting curve to verify the above assumption. We set the initial values of a, b, c, and d are 1, 0, 1, 0 respectively, which satisfies    f 0   ( t )    =    f 1   ( t )   . We follow the control variable principle for the more obvious contrast effect. Parameters a = 1.2, b = 1, c = 1.2 and d = 10 are respectively changed to obtain the curve comparison graphs before and after transformation, as shown in Figure 8.



It can be seen from the figure, when parameter a = 1.2, that the transformed curve is stretched 1.2 times along the direction of the time axis in Figure 8a. When parameter b = 1, the transformed curve moves one unit to the left along the time axis in Figure 8b. When parameter c = 1.2, the transformed curve is stretched 1.2 times along the vertical axis in Figure 8c. When parameter d = 10, the transformed curve moves 10 units along the vertical axis in Figure 8d. Through the comparison of these curves, it is found that the curve influenced by parameter a is the stretching transformation along the time axis, which corresponds to the stride frequency. Parameter c affects the stretch transformation of the curve along the vertical axis, which corresponds to the stride length. Parameters b and d shift the curve along the time axis and the vertical axis, respectively. According to the above analysis, this assumption is verified to be effective. Therefore, the stride frequency and length can be changed by setting parameters a and c so that the walking gait is changed.



Because all the data are discrete in the actual control system, the next step is to discretize the continuous curve equation and explore how to combine the parameters of the equation with the sensor data in the control system so that the exoskeleton robot can automatically detect the changes of the stride length and stride frequency of the human body. The equations of about four parameters are established:


         a =  g 1   ( m )        b =  g 2   ( m )        c =  g 3   ( m )        d =  g 4   ( m )          



(6)




where m is the variable,    g i   ( m )    is the function of the corresponding parameters a, b, c and d, and i = 1, 2, 3, 4.



We need to find the relationship between m and the parameters a, b, c, d, and change the value of    f 1   ( t )    indirectly by changing the value of m. The data need to be discretized in the actual control process, that is, time t is discontinuous, so


  t = n Δ t   n ∈ N  



(7)




where n is the number of points selected in a gait cycle, and   Δ t   is the minimum interval between the points. Substitute Formula (7) into simplified Formula (5),


   y n  = c  f 0   ( a × n Δ t + b )   + d   n ∈ N  



(8)




where   y n   is the angle value of the n-th point. Since the difference in walking gait is mainly caused by stride length and frequency, the parameters to be adjusted are a and c in real time. Formula (8) can be simplified as:


   y n  = c  f 0   ( a × n Δ t +  b 0  )   +  d 0    n ∈ N  



(9)




where parameters   b 0   and   d 0   are constants, while parameters a and c are variable.



The functions of parameters   b 0   and   d 0   are introduced mainly to adjust and correct the initial deviation value of sensor wearing because, when the sensor is strapped to the body, the sensor is not completely on a plane, and the y-axis of the sensor is not completely vertical downward. In the initial electrification phase, the initial angles of the human hip joint and knee joint are both zero. According to this characteristic, the fitting data can be directly translated up and down. The movement of the function image on the x-axis is to correct the time deviation, and all the extracted features of the gait cycle can be shifted around the zero of the x-axis. The advantage of this method is that the coefficient of joint angle fitting will be smaller, so that the rule of human movement can be better found.



After obtaining the parameter a for adjusting stride frequency and parameter c for adjusting stride length in the fitting equation, we need to find the relationship between parameters a, c and    g i   ( m )    in Formula (10), so as to achieve the purpose of correcting stride length and stride frequency in real time:


         a =  g 1   ( m )        c =  g 3   ( m )          



(10)








3.2.2. Modification of Stride Frequency Parameter a


Parameter a is the parameter to adjust the motion frequency of the exoskeleton robot. For users, only information about foot pressure of the healthy leg is useful. Therefore, it is necessary to adjust the stride frequency of exoskeleton robot by the stride frequency of the healthy leg. Through the above research about the human walking rule, it can be seen that two legs are always in two opposite stages of the four stages during the walking process. The transition time of the healthy leg from the off-ground transition period to the end of the swing period is equal to the transition time of the exoskeleton robot from the landing transition period to the end of the support period. According to this characteristic, the motion frequency of exoskeleton robot is adjusted:


   a m  =   t m  K    K , m ∈ N  



(11)




where   t m   represents the transition time of the healthy leg from the off-ground transition period to the swing period, K is the number of points selected from    f 1   ( x )   , and   a m   represents the stride frequency adjustment coefficient of the m-th gait. The stride length and frequency of the single-legged exoskeleton robot need to be adjusted according to the periodic symmetry of human motion [34]. In this paper, the stride length of the exoskeleton robot is adjusted according to the stride length of the healthy leg in a gait cycle. The stride length of human is collected in real time by an attitude sensor and a foot pressure information acquisition system.




3.2.3. Modification of Stride Length Parameter c


In this paper, the motion amplitude of hip joint and knee joint was calculated by collecting the angle of hip joint and knee joint from the landing transition stage to the next walking cycle. The motion amplitude coefficient is obtained by comparing with the standard data. Taking the adjustment of motion amplitude of a knee joint as an example, the adjustment method of motion amplitude of exoskeleton robot was studied:


   c m  =   s m   s 0     m ∈ N  



(12)




where   c m   is the change coefficient of human motion amplitude in the m-th gait cycle,   s 0   is the motion amplitude of humans during the first gait cycle, and   s m   represents the amplitude of the human motion during the m-th gait cycle.



The exoskeleton amplitude of the current cycle can be predicted by the healthy leg amplitude of the previous cycle. Therefore, the exoskeleton stride length can be adjusted by attaching different weights to the stride length coefficient. The motion amplitude coefficient is larger, and the weight is smaller:


   c m  =  α 1   c  m − 1   +  α 2   c  m − 2   + ⋯ +  α n   c  m − n     m , n ∈ N , n < m  



(13)




where   α n   represents the weight of stride length coefficient   c  m − n   .



In this experiment, we extracted the gait of the previous two cycles on the healthy leg to predict the exoskeleton gait of the current cycle. Therefore, n = 2 is substituted into Formula (13) to obtain the stride length coefficient equation of the experiment as follows:


  c =  α 1   c max  +  α 2   c min   



(14)




where c is the stride length coefficient of the current period,   c max   and   c min   respectively represent the maximum and minimum stride length coefficients of the previous two cycles, and   α 1   and   α 2   are the weight coefficients. The optimal weight coefficient   α 1   = 0.3 and   α 2   = 0.7 are obtained through experiments with different weight coefficients. The selection of stride length coefficient weight not only ensures that the exoskeleton can accurately follow the gait of the healthy leg when the stride length is changed subjectively, but also reduces the influence of unexpectedly large or small steps in the whole walking process. Based on the above analysis, the exoskeleton robot can predict the walking gait of the current cycle in real time based on the gait data of the previous two cycles on the healthy leg. However, during the first two cycles of the exoskeleton, there were no walking data of the healthy leg. Therefore, in this experiment, the gait data of healthy people obtained in advance are used as sample data in the first two cycles, so that the exoskeleton adopts a fixed gait to realize walking in the first two cycles.



The above part is the adaptive adjustment strategy for walking characteristics proposed in this paper. The parameter a and the parameter c realize the adjustment of stride length and stride frequency. This article is aimed at patients with hemiplegia, that is, one leg is healthy and one leg is diseased. Compared with the traditional walking mode of exoskeleton, the gait adjustment strategy proposed in this paper can make full use of the characteristics of hemiplegic patients. The exoskeleton can learn the gait of healthy legs in real time, so that patients can walk naturally. The advantages of this method are verified by walking experiments.






4. Experiment


This chapter mainly introduces the experiment of using a single-legged exoskeleton robot. In this section, the experimental conditions and process are explained in detail. Finally, the experimental data are analyzed according to the obtained experimental results.



4.1. Experimental Process


In order to verify the effectiveness of the adaptive adjustment strategy of gait characteristics, five men were selected as experimental subjects to complete the walking experiment of wearing an exoskeleton. The relevant information of the experimental subjects is shown in Table 1. As shown in Figure 4, the lower limb exoskeleton is worn on the left leg, and WSSS sensor and planta pressure sensor are worn on the right leg. The assisted walking experiment of wearing an exoskeleton was completed on the horizontal ground. With the exoskeleton power on and the upper computer program running, the subject will be able to walk with the assistance of the exoskeleton. Moreover, the program of the upper computer and the structure design of exoskeleton can limit motor torque and the range of joint angle, so as to ensure the safety of the subject. Figure 9 shows the actual walking gait picture of the subject taken from multiple angles during the experiment. The time below the picture is the time point taken during the actual walking.



The exoskeleton wearing experiment was completed in three stages. In the first stage, stride frequency parameter a = 1 was set, and stride length parameter c was corrected in real time based on healthy leg stride length to verify the adjustment ability of stride length parameter c. In the second stage, the stride length parameter c = 1 was set, and the stride frequency parameter a was corrected in real time based on the healthy leg stride frequency to verify the adjustment ability of stride frequency parameter a. In the third stage, stride frequency parameters a and stride length parameters c were modified in real time based on healthy leg gait to verify the effectiveness of the adaptive adjustment strategy for walking characteristics proposed in this paper. All five subjects participated in the three parts of the experiment, and then the specific implementation method of the experiment was introduced. Firstly, WSSS sensors and foot pressure sensors are used to collect and store the healthy leg joint angle and foot pressure of the subject in the experiment. On the one hand, the data are used to determine the beginning and end of the walking cycle; on the other hand, it is used as a standard for later analysis and evaluation. The exoskeleton walks in the first two cycles according to the collected standard gait data of the healthy person. Starting from the third cycle, the sensor is used to collect and store the walking data of the healthy leg in real time. The data are transmitted wirelessly to the upper computer to predict the gait of the exoskeleton, and then the predicted data are sent to the MCU2 for the control of the exoskeleton motor. Finally, comparing the healthy leg joint angle, the exoskeleton target joint angle and actual joint angle to observe whether the changes in the peak value and frequency of the exoskeleton joint angle can follow the changes of healthy leg joint angle during the subject walking.




4.2. Analysis of Experimental Data


4.2.1. Adjustment Experiment of Stride Length Parameter c


Firstly, the experimental results of setting stride frequency parameter a = 1 and correcting stride length parameter c in real time are discussed. Since the experimental results of the five subjects had the same conclusion, the experimental results of one of them were selected for analysis. Figure 10 is the stride length adjustment curve of one of the subjects. In the figure, “leg hip” and “leg knee” are respectively the angle change curves of the hip joint and knee joint of the healthy leg of the subject. “tar hip” and “tar knee” are respectively the target curves of the hip joint and knee joint of the exoskeleton calculated based on the stride length of the healthy leg. As can be seen from the figure, the period of the target curve is fixed, and the amplitude changes with the change of the healthy leg. The amplitude of the healthy leg’s hip and knee angle gradually increased, as did the amplitude of the exoskeleton’s joint angle before 15 s. In addition, the amplitude of the hip and knee angle of the healthy leg gradually decreased, as did the amplitude of the joint angle of the exoskeleton after 15 s.



In order to better reflect the amplitude following effect, the relative error value   e θ   is defined to quantitatively analyze the amplitude tracking performance. The error calculation is shown in Formula (15):


   e θ  =    θ  e x o   −  θ  l e g     θ  l e g     



(15)




where   θ  e x o    is the joint amplitude of the exoskeleton in one cycle, and   θ  l e g    is the joint amplitude of the healthy leg in the same cycle. Figure 11 shows the line chart of relative error of stride length tracking of five subjects. As can be seen from the figure, the stride length tracking error of all five subjects was within ±5%, indicating that the real-time modification of stride length parameter c while walking enabled the exoskeleton to track the stride length changes of the healthy leg well.




4.2.2. Adjustment Experiment of Stride Frequency Parameter a


This section discusses the experimental results of setting stride length parameter c = 1 and modifying stride frequency parameter a in real time. Figure 12 is the stride frequency adjustment curve of one of the subjects. The experimental results of this part are to verify the adaptive adjustment ability of stride frequency. The red curve in the figure is the adaptive adjustment of the joint angle curve. The amplitude of this curve remains fixed, and the period of the curve is adjusted accordingly with the period change of the healthy leg joint angle curve (blue curve). Observing the curve in the figure, from 7 s to 17 s, the walking period is about 5 s, and the stride frequency is the lowest. From 17 s to 31 s, the stride frequency increased relatively. After 31 s, the stride frequency gradually increases, and the last period is about 2 s, and the period frequency is the highest.



In order to better reflect the following effect of stride frequency, the relative error value   e T   is defined to quantitatively analyze the tracking performance of stride frequency. The error calculation is shown in Formula (16):


   e T  =    T  e x o   −  T  l e g     T  l e g     



(16)




where   T  e x o    is the period of one step of exoskeleton walking, and   T  l e g    is the period of one step of healthy leg walking. Figure 13 shows the line chart of relative error of stride frequency tracking of five subjects. The walking period following error of the five subjects was within ±7%; that is to say, the walking speed of the exoskeleton was consistent with that of the healthy leg, which verified the effect of parameter a on adjusting the stride frequency.




4.2.3. Adaptive Adjustment Experiment of Stride Frequency and Length


The above two experiments discussed the effect of adjusting parameter a and c, respectively. This section discussed the ability to adjust stride length and stride frequency simultaneously for walking characteristics. The angle curves of the knee joint and hip joint were obtained by comparing the joint angle data of the healthy leg and the exoskeleton. The joint angle curve of one of the subject is shown in Figure 14. In the figure, “exo hip” and “exo knee” are respectively the actual angle change curves of the exoskeleton hip joint and knee joint, respectively. According to the curve obtained from the experiment, it can be seen that the target joint angle (red line) is basically consistent with the actual exoskeleton joint angle (dotted line), indicating that the motor control method selected in the paper can achieve accurate position control. In addition, it can also be seen from the curve that the first two cycles of the exoskeleton walk with a fixed gait; the joint angle changes consistently and is not affected by the gait of the healthy leg. Starting from the third cycle, because a healthy leg gait of the subjects was deliberately altered, the healthy leg joint curve has a certain degree of change in each cycle, the adaptive adjustment curve (blue line) changes are similar to the healthy leg, which shows that the proposed adaptive adjustment strategy can make the exoskeleton adapt and follow the gait of the healthy leg well.



At present, most research on exoskeletons use a fixed gait to assist walking with both legs. This kind of exoskeleton is more suitable for patients with a two-leg disease. Since neither of the patient’s legs can be controlled voluntarily, there is no large interaction force with the exoskeleton. However, double-leg exoskeletons are not suitable for hemiplegic patients because patients have one leg that can move by themselves. Wearing a double-leg exoskeleton will generate a large interactive force with the healthy leg. The healthy legs are affected by the exoskeleton while moving voluntarily, thus interfering with the normal walking of the patient. The auxiliary effect of the double-leg exoskeleton on the hemiplegic patients is poor. In addition, the fixed gait method often used in exoskeleton research is not friendly to the walking habits of patients. In this paper, a set of experiments to assist walking with a fixed gait method are carried out, and the experimental results are shown in Figure 15. In the figure, the stride length and stride frequency of the healthy leg (blue line) in the figure change, while the exoskeleton (red line) always maintains a fixed stride length and stride frequency. This method cannot make good use of the patient’s healthy leg, and the patient does not feel engaged during the whole walking process. More importantly, it will lead to asymmetrical walking on both legs, which increases the instability of walking and makes it easier for the patient to fall. Compared to Figure 14, the exoskeleton maintains a gait consistent with the patient’s healthy leg, thereby ensuring walking symmetry and stability. Compared with Figure 14, the exoskeleton maintains the same gait as the patient’s healthy legs, thereby ensuring the symmetry and stability of walking; at the same time, it increases the patient’s sense of participation, enabling the patient to independently adjust the stride length and stride frequency during walking.



The above experiments verify the effectiveness and practicability of the adaptive adjustment strategy for walking characteristics. This method makes full use of the characteristics of hemiplegia patients, so that patients can walk more naturally. The paper provides a new idea and theoretical basis for the subsequent design of the single-legged exoskeleton control strategy, namely, to copy the gait characteristics of the healthy leg to the exoskeleton, so that the exoskeleton can maintain the same gait as the healthy leg.






5. Conclusions


In this paper, an adaptive adjustment strategy for walking characteristics for the single-legged exoskeleton robot is proposed. The algorithm uses the user’s own walking data to predict the joint angle data of the exoskeleton in order to achieve adaptive adjustment. The joint angles of the healthy legs under the natural gait are collected, and then the angular fitting equation about time is obtained by the least square regression method to fit. Search for the effect of stride frequency and stride length on the fitting equation to control the variation of exoskeleton joint angle and then transmit processed data to the exoskeleton in real time to move. The rationality of the design of the exoskeleton robot and the effectiveness of the adaptive adjustment strategy have been verified with the experiment. Due to the limitation of conditions, the experimental object selected this time is a healthy person. In the future, we will use this exoskeleton robot for the experiment of hemiplegia patients, and more complex experimental scenarios such as going up and down stairs and going up and down hills will be attempted to better improve the single-legged exoskeleton.
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Figure 1. The mechanical structure of the single-legged exoskeleton. (a) 3D model. 1. Waistband. 2. Hip joint. 3. Belt. 4. Thigh link. 5. Knee joint. 6. Shank link. 7. Ankle joint; (b) real model. 
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Figure 2. The physical pictures of sensors.(a) WSSS sensor. (b) self-made foot pressure sensor. 
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Figure 3. The pressure changes at the four pressure points of the left and right feet during a gait cycle. 
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Figure 4. The flow chart of the data communication system. 
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Figure 5. The PID control diagram of the control of the exoskeleton motor. 
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Figure 6. The joint angle data of normal walking in one gait cycle. (a) knee joint. (b) hip joint. 
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Figure 7. The curve of the fitting function. (a) knee joint. (b) hip joint. 
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Figure 8. The curve comparison graphs before and after transformation by setting parameters. (a) setting parameter a. (b) setting parameter b. (c) setting parameter c. (d) setting parameter d. 
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Figure 9. A multi-angle screenshot of the subject actual walking gait during the experiment. 
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Figure 10. Stride length adjustment curve. 
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Figure 11. Stride length tracking error. 
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Figure 12. Stride frequency adjustment curve. 
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Figure 13. Stride frequency tracking error. 
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Figure 14. The curves of the adaptive adjustment experiment. 
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Figure 15. The curves of the fixed gait experiment. 
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Table 1. The parameters of five subjects.
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	Height (cm)
	Weight (kg)
	Thigh Length (cm)
	Shank Length (cm)





	subject 1
	170
	60
	45
	37



	subject 2
	180
	77
	49
	40



	subject 3
	175
	70
	47
	38.5



	subject 4
	168
	58
	44
	36



	subject 5
	175
	62
	48
	39
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