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Abstract

:

A novel balance assistance control strategy of a hip exoskeleton robot was proposed in this paper. The organic fusion of the human balance assessment and the exoskeleton balance assistance control strategy are the assurance of balance recovery. However, currently there are few human balance assessment methods that are suitable for detecting balance loss during standing and walking, and very little research has focused on exoskeleton balance recovery control. In this paper, a single step balance assessment method was proposed first, and then based on this method an "assist-as-needed" balance assistance control strategy was established. Finally, the exoskeleton balance assistance control experiment was carried out. The experiment results verified the effectiveness of the single balance assessment method and the active balance assistance control strategy.
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1. Introduction


Falls are one of the main causes of disability and death of elderly people. The balance ability declines with age and the chance of falls is greatly increased [1]. Traditional walking aids, such as canes or crutches, play an important role in the life of elderly people. Although canes and crutches can prevent falls to some degree, they are unable to offer active assist to the user. Essentially, canes and crutches can only enlarge the stability region of walking, but the key for balance recovery still relies on the cognitive and physical status of the user. Hence, as the muscle strength and reaction speed of elderly people decline with age [2], it is still a big challenge for elderly people using canes and crutches to regain balance when they suffer from an unexpected perturbation. In fact, elderly people can still generate a strategy for balance recovery, but, unfortunately, their limbs are not strong enough and cannot be moved fast and to prevent falls [3]. Therefore, a new kind of walking aid that can provide active assist for human limbs is required.



Exoskeleton technology is a promising solution for active balance assistance. For the last two decades, exoskeletons have been widely studied and have been successfully applied in load carrying [4,5], rehabilitation of paralyzed patients [6,7], and walking assistance [8]. Recently some exoskeleton research has shown the potential of active balance assistance [1,9,10]. Giovacchini F et al design a light-weight active orthosis for hip movement assistance [11]. They test the performance of the device on a healthy subject. The results showed that the subject could walk with the device without being hindered and while he received a smooth assistive flexion-extension torque profile on both hip articulations. This research shows the potential of the exoskeleton in balance assistance for humans.



Currently, the man–machine interaction performance is one of the key points for the application of exoskeletons. For the user who still has autonomous walking ability, the exoskeleton should follow the motion intention of the user, and "assist-as-need" have turned out to be a more effective method for balance assistance [12]. "Assist-as-need" means, for balance assistance purposes, an exoskeleton provides assistance only when the upcoming balance loss is detected. Therefore, a real-time balance assessment method is needed to evaluate the degree of balance and detect the moment of balance loss. When balance loss is detected, the exoskeleton will provide appropriate assistance power according to the degree of balance and the current motion state of the user. Hence, organic fusion of the human balance assessment method and the exoskeleton balance recovery control are the assurance of balance recovery.



Many studies have focused on fall detection and have some achievements in the detection method based on visual detection and wearable sensors [13]. However, fall detection is different from balance loss detection, the detection purpose and detection time are different from each other. Fall detection aims at judging whether the human is falling down and when it happens a warning signal is sent out for rescue. Conversely, balance loss detection aims at judging whether a human has a trend of falls and when a trend is detected a signal will be sent out to the assistance devices to help the user prevent falls. Some balance loss detection methods based on zero moment point (ZMP) [14], capture point (CP) [15], and adaptive oscillators [16] were proposed. There are some limitations in these studies. ZMP method is not suitable for walking on the uneven ground. CP method is a powerful tool to assess balance degree during standing, but is not enough to assess balance degree during dynamic walking. Adaptive oscillators are only suitable for periodic gait. Current balance assessment methods ignore the position and velocity of the swing foot. Because the swing foot is the future support foot, the position and velocity of the swing foot are important for balance recovery.



Nowadays, most research on exoskeleton control focuses on walking assistance rather than balance assistance. In recent years, there are more and more studies focused on how to assist the user when they lose balance. Current balance assistance control strategies can be classified into three categories including adaptive variable stiffness control [17,18], joint trajectory tracking control [19,20], and joint torque control [1,21]. Joint trajectory tracking control is more suitable for gait rehabilitation rather than balance assistance, because the planned trajectory may conflict with human intention and increase the risk of falls. Current adaptive variable stiffness is only used for balance recovery during standing. Current joint torque control is an open-loop control that only provides assistance torque with a certain time when users lose balance, but the amplitude and action time of assist torque still need to be optimized.



The main contributions of this paper are proposing a real-time balance assessment method that is suitable for both standing and walking, and then establishing an active balance assist control strategy that is based on the "assist-as-needed" principle that exoskeletons only provide assist power when balance loss is detected. The assist torque profile is calculated according to the degree of balance and fuzzy logical control (FLC).



This paper is organized as follows: Section 2 proposes the real-time balance assessment method. Section 3 proposes the active balance assist control strategy. Section 4 makes a detailed analysis of the balance control experiments. Section 5 concludes the paper and suggests the future work.




2. Single Step Balance Assessment Method


2.1. The Concept of Single Step Balance


In this paper, single step balance is defined as a state in which a human is able to regain balance in one step. It is important for humans, especially for elderly and disabled people, to regain balance within a minimum number of steps when suffering from an unexpected disturbance. To quantitatively evaluate whether a human is in a single step balance state, the CP concept [14] is utilized in this paper.


xCP=x+x˙l/g



(1)




where xCP is the position of CP, l is the distance between the center of mass (CoM) of the human and ankle, g is gravitational acceleration. On the basis of the CP concept, as shown in Figure 1, a single step balance state is defined as a state that when the swing foot is touching the ground and the CP is within the base of support (BoS). Conversely, if CP is outside of the BoS when the swing foot touches down, the human is in a single step unbalance state.



Based on this definition of single step balance and (1), it is obvious that the degree of single step balance is determined by the state of CoM ([x,x˙]). To investigate the relationship between a single step balance state and the velocity of CoM, 30 groups of “walk-stop” experiments for every 5 healthy young male adults (Mean age: 23.5 (1.3), mean weight: 58.7 (5.1) kg, mean trunk length: 0.432 (0.025) m, mean leg length: 0.815 (0.05) m, mean length between ankle and toe: 0.168 (0.06) m) were carried out. All subjects gave their informed consent before participating in the experiment. The experiment was approved by the Harbin Institute of Technology ethical committee. The kinematics data of the human walking are measured by Raptor-4 Digital Realtime System of Motion Analysis corp. 12 Raptor-4 digital cameras send the trails of markers on the human body to the Cortex software for data acquisition at 120 Hz. A 22-markers Helen-Hayes model was adopted in this experiment. During the “walk-stop” experiment, all subjects were required to walk at a given speed and tried to stop in one step when hearing the unexpected stopping command. If the subject can stop walking in only one step, the subject is considered as in the single step balance state, otherwise the subject is in the single step unbalance state. The results of “walk-stop” experiment are shown in Table 1.



The experiment results in Table 1 show that the success rates of stopping walking in one step at low and medium walking speed are 100% and 99%, respectively. However, the success rate drops to 2.7% when walking speed is high. Therefore, the human is able to keep single step balance at low and medium walking speed, and is almost in a single step unbalance state at a high walking speed.



To investigate the relationship between the swing foot and CP, another 10 groups of experiments were carried out. Each subject walked at three different speeds (low, medium, and high) and suffered from an unexpected forward disturbance during walking. Figure 2 shows the results of one subject (Age: 24, weight: 55 kg, leg length: 0.802 m). As shown in Figure 2, the time of the swing foot touching down before disturbance is tA, and the time of the swing foot touching down after disturbance is tB. The distance between CP and the ankle of the swing foot is noted as dSC, and the average value of dSC in tA and tB are shown in Table 1. The average distance between the toe and ankle is lf = 0.168 m, and the distance between dSC and lf determines whether the human is in single step balance. The degree of balance can be calculated by the distance between dSC and lf. If dSC > lf, the human is in a single step unbalance state, and conversely if dSC ≤ lf, the human is in a single step balance state. Comparing dSC in Table 1 with lf, it is obvious that dSC (tA) is smaller than lf at low and medium walking speed and larger than lf at high walking speed. This result suggests that, at low and medium walking speed, the swing foot can catch up with CP when touching down, but at high walking speed, the swing foot is unable to catch up with CP when touching down. As shown in Table 1, dSC (tB) is always larger than lf no matter when a human walks at low, medium, or high speed. That means the swing foot is unable to catch up with CP when a human suffers from a disturbance.



From the above experiment results, we conclude that a human is in a single step balance state if the swing foot can catch up with CP when the swing foot is touching down, and if the swing foot is unable to catch up with CP when it is touching down, a human is in a single step unbalance state which means the human will lose balance. The degree of single step balance can be calculated by the distance between dSC and lf. Therefore, the key to judging whether a human will lose balance is to judge whether the swing foot can catch up with CP before or when the swing foot is touching down. Hence, the future position of the swing foot and CP need to be predicted first.




2.2. Method for Single Step Balance Assessment


To predict the position of the swing foot, an inverted pendulum model with a finite sized foot [22] and an ankle torque model are utilized in this paper. The inverted pendulum model with a finite sized foot is given by (2), and the ankle torque model is given by (3).


x¨=gl(x−xankle)−τankleml



(2)




where x is the position of CoM, x¨ is the acceleration of CoM, xankle is the ankle position of the support foot, τankle is the ankle torque of the support foot, m is the total mass of the human body and l is the leg length.


τankle={−τ1sinπxxankleif x−xankle≤0τ2sinπ2L2(x−xankle)if x−xankle>0



(3)




where τ1 and τ2 are the peak torque of flexor and extensor, respectively. L2 is the average stride length of quasi-period walking.



Previous research [23] has proposed the relationship between ankle torque and gait cycle during quasi-period walking. As shown in Figure 3a, the relationship between the position of CoM and ankle torque can be calculated according to the velocity of CoM. To establish the torque model, the ankle torque profile shown in Figure 3a can be described by the sine curve function given by (3), and the fitting error is below 10% which is precise enough to predict the ankle torque of the support foot during quasi-periodic walking.



According to model (2) and (3), the state of CoM ([x,x˙]) can be predicted. In order to verify the feasibility of prediction, the predicted state of CoM are compared with the experimental data obtained under the same experiment setup. The prediction results and experiment data are shown in Figure 4.



In Figure 4, it is obvious that the predicted positions of CoM are close to the experimental value (Mean error: 0.03(0.02) m), and the maximum error between predicted velocity and real velocity of CoM is within 10%. Hence, the model (2) and (3) can be used to predict the state of CoM and the position of CP can be predicted simultaneously.



The prediction of the swing foot position is based on the law of the swing foot. Previous research has shown that the swing foot accelerates at the beginning of the swing phase and decelerates at the end of the swing phase [24]. The measured acceleration of the swing foot is shown in Figure 5a, from which it can be seen that the fluctuation of the swing foot acceleration and deceleration are small. Hence within the allowable error, the motion of the swing foot can be considered as a uniformly accelerated motion and a uniformly decelerated motion. The equivalent acceleration of the swing foot is shown in Figure 5b, and based on this equivalent acceleration and the remaining time for the swing foot chasing CP, the swing foot position can be predicted. The equivalent acceleration aa and ad can be obtained from the statistic data of human walking.



Due to biomechanical constraints and personal walking habits, the time for the swing foot chasing CP is limited. As shown in Figure 6, the angle between the support leg and the vertical line when the swing foot is touching down is noted as θf or θb, here θf is defined as the forward angle and θb is defined as the backward angle. The time of reaching θf or θb are denoted as tf and tb, respectively. According to (2), tf and tb can be calculated. The time the swing foot catches up with CP before touching down is denoted as tg, and x(tf)−x(tg) or x(tg)−x(tb) is denoted as the degree of single balance. If the swing foot is unable to catch up with CP before or when touching down, the degree of single balance M is denoted as xswing(tf)−xCP(tf) or xCP(tb)−xswing(tb), here xswing(tf) and xswing(tb) are the position of the swing foot at the time of tf and tb, respectively. M can be given by (4), where tθ is tf and tb.


M={sgn(x˙)(x(tθ)−x(tg))singlestepbalancesgn(x˙)(xswing(tθ)−xCP(tθ))singlestepunbalance



(4)








2.3. Single Step Balance Assesment Experiment


To verify whether the proposed single step balance assessment method can rapidly detect the balance loss when a human suffers from disturbance during walking, the forward disturbed walking and backward disturbed walking experiments are carried out. The kinematics data of human walking are measured by Raptor-4 Digital Realtime System of Motion Analysis corp. 12 Raptor-4 digital cameras send the trails of markers on the human body to the Cortex software for data acquisition at 120 Hz. A 22-markers Helen-Hayes model was adopted in this experiment. The results between subjects showed good consistency. Thus, one of the experiment results of forward disturbed walking and backward disturbed walking is shown in Figure 7a,b, respectively.



It can be seen from Figure 7a that the degree of single step balance is always positive before disturbance happens, and this means a human is in a single step balance state before disturbance applied. The degree of single step balance declines sharply and becomes negative after 50 ms of disturbance. Hence, the proposed single step balance assessment method successfully and quickly detects the trend of balance loss. In this experiment, the time required to detect the balance loss is about 50 ms.



Similarly, as shown in Figure 7b, the degree of single step balance becomes negative after about 150 ms of disturbance. Compared with the forward disturbance experiment, it is obvious that the time required to detect the balance loss is significantly increased. The reason for this phenomenon is that the human is still in a single step balance state for a period of time after the disturbance, and the human remains in a single step unbalance state until the disturbance acts for a long enough time to change the velocity direction of CoM. Hence, the proposed single balance assessment method is also suitable for evaluating the degree of single step balance when a human suffers from a backward disturbance.





3. Exoskeleton Balance Assistance Control Strategy


The exoskeleton balance assistance control strategy based on single step balance assessment is shown in Figure 8. The control framework mainly consists of three parts: human motion state estimation, human single step balance assessment, and active balance assistance control. Based on the human kinematics and the sensor data from the inertial measurement unit (IMU) and foot pressure insoles, the state of CoM ([x(t),x˙(t)]) and the state of the swing foot ([xswing(t),x˙swing(t)]) are estimated. Grounding in the state of CoM and the swing foot, the single step balance assessment method evaluates the single step balance degree of the current posture of a human and detects incipient falls. Finally, the fuzzy inference system is used to establish the relationship between the single step balance degree M and the assistant coefficient (αG,αC,αI), and then the assistant torques are calculated based on the human dynamics model and the assistant coefficient.



3.1. Assistant Torque


To generate the assistant torque, the human hip joint torque is calculated first. Based on the Newton–Euler method and the joint coordinate system shown in Figure 9a, the swing leg hip joint torque can be given by (5). The hip joint torque is consist of gravity term (τ4G), Coriolis term (τ4C) and inertial term (τ4I).


{τ4=τ4I+τ4C+τ4Gτ4I=I4w˙4+I5w˙5τ4C=−m4r3,c4×v˙4+m5(−r3,c4+r4,c4−r4,c5)×v˙5τ4G=−m4r3,c4×g+m5(−r3,c4+r4,c4−r4,c5)×g



(5)







To generate the assistant torque, the human hip joint torque is calculated first. Based on the Newton–Eule


Texo=αGτG+αCτG+αIτI



(6)




where I4 and I5 are the moment of inertia relative to the CoM of the swing leg thigh and shank, respectively. m4 and m5 are the mass of the swing leg thigh and shank, respectively. w˙4 and w˙5 are the angular velocity of the swing leg thigh and shank, respectively. v˙4 and v˙5 are the CoM acceleration of the swing leg thigh and shank, respectively. r3,c4 is the radius vector pointing from joint 3 to the center of bar 4, and the definition of r4,c4 and r4,c5 are similar to r3,c4. Because the mass of the exoskeleton is distributed especially onto the trunk, the mass of the exoskeleton has been added to the mass of trunk.



Previous research has shown that an exoskeleton can achieve a good performance of assistance when the gravity term, Coriolis term, and inertial term of hip joint torque are compensated by the exoskeleton independently [25]. Hence, in this paper, the assistant hip joint torque (Texo) generated by the exoskeleton compensates the gravity term, Coriolis term, and inertial term simultaneously. The assistant coefficients for gravity term, Coriolis term, and inertial term are denoted as αG, αC, and αI. The relationship between the assistant coefficient and the degree of single step balance is established by the fuzzy inference system.




3.2. Assistant Coefficient Generated by FLC


FLC is a common way to establish a nonlinear relationship. In this paper, the relationship between the assistant coefficient and the degree of single step balance is established by a two-dimensional FLC. The inputs of two-dimensional FLC are the degree of single step balance (M) and its rate (M˙) as shown in Figure 10, and the outputs of it are the assistant coefficient (αG, αC and αI) as shown in Figure 11.



Input fuzzy partition with seven terms: NB, negative big; NM, negative medium; NS, negative small; Z, zero; PS, positive small; PM, positive medium; and PB, positive big. Output fuzzy partition with four terms: ZE, zero; PS, positive small; PM, positive medium; and PB, positive big. The universe of discourse of M and M˙ are [−0.6 m, 0.6 m] and [−6 m/s, 6 m/s], respectively. Previous research suggested that in order to ensure the stability of a man–machine system the maximum assistant coefficient for the inertial term is 0.47 [25]; hence the universe of discourse of αI is chosen as [0, 0.3]. To ensure the comfort the universe of discourse of αG and αC are set as [0, 0.6].



The fuzzy rules of FLC are established as follow. If M > 0, the assistant coefficient equals to zero, because the human is in the single step balance state. If M ≤ 0, the assistant coefficient should be generated by the FLC. Because the properties of gravity term, Coriolis term, and inertial term are different from each other, the fuzzy rules for each term should be different. The inertial force and Coriolis force will increase with the walking speed, hence M˙ has a greater effect on the Coriolis term and inertial term. The gravity term is only influenced by the posture of the human body; hence M has a greater effect on gravity term. Based on the above analysis, the fuzzy rules of αG, αC, and αI are given by Figure 12.





4. Exoskeleton Balance Assistance Control Experiment


The hip assist exoskeleton (HAE) developed by our team is shown in Figure 13a. HAE has two motor-driven joints that rotate in flexion/extension. The exoskeleton actuator system contains a 24 V brushless DC motor and a planetary gearbox with 8:1 reduction rate. The rated torque of the exoskeleton actuator system is 40Nm. The total mass of HAE is about 10.8 kg. HAE includes two force sensor to detect the interaction force between the exoskeleton and human thigh, five IMUs that are worn by the user are used for human posture detection and CoM state estimation, and two pressure insoles are used for ground contact detection.



The experiment included forward/backward pulling by a fasten band, Figure 13b is the experiment environment of forward pulling. Figure 13c is the experiment environment of backward pulling.



To verify the effectiveness of the proposed balance assistance control strategy, forward and backward disturbance experiments are carried out. Three subjects wearing HAE and performing four experiments including standing forward pull, standing backward pull, walking forward pull, and walking backward pull. The disturbance force pulse was generated by a pneumatic system and the maximum disturbing force was set to be 120 N and the duration time of disturbance force pulse was set to be 0.5 s. In these experiments, the exoskeleton is working in two control modes: active balance assist mode (ASS) and transparent mode (TRA). All subjects gave their informed consent before participating in the study. The results between subjects have shown great consistency. The experiment was approved by the Harbin Institute of Technology ethical committee.



4.1. Analysis of the Degree of Single Balance


As shown in Figure 14, the degree of single step balance declines sharply when a human suffers from a disturbance. The balance loss is successfully detected by the exoskeleton, the mean detection time of forward and backward balance loss are 90 ms and 190 ms, respectively. Because the time from stable walking to falling is about 500~700 ms [1], humans still have enough time to regain balance after the balance loss is detected. Furthermore, it is obvious that when the exoskeleton works in ASS mode the degree of single step balance can increase faster, and that means with the assistance of an exoskeleton a human can regain single step balance earlier.




4.2. Analysis of the Hip Joint Angle


Humans tend to lose forward balance when they suffer from a forward disturbance force. As shown in Figure 15a,c, the hip joint is moving faster in ASS mode than in TRA mode, and the time to reach the maximum position is reduced about 0.1~0.15 s. This phenomenon indicates that the speed of the human limb becomes faster when an exoskeleton actively assists the human to regain balance. The same phenomenon can be observed when a human suffers from a backward disturbing force. As shown in Figure 15b,d, the human hip angle is decreased faster in ASS mode than in TRA mode, and that means the swing foot is moving backward at a higher speed. Hence, the swing foot can catch up with CP earlier. These results show that the active balance assist controller proposed in this paper is able to increase the speed of the swing foot and promote balance recovery.




4.3. Analysis of the Hip Joint Torque


As shown in Figure 16, the direction of assistance torque coincides with the direction of hip joint torque, that means the assistance torque generated by the exoskeleton complies with the human intention. Comparing the hip joint torque when the exoskeleton works in ASS and TRA mode, we found that the maximum hip joint torque is significantly reduced about 15~20 Nm. For this reason, humans can move their legs at a higher speed with the assistance of an exoskeleton, thereby improving the ability to regain balance.





5. Conclusions


A novel active balance assistance control strategy based on single step balance assessment is proposed in this paper. The human forward and backward disturbance experiments show that the balance loss can be detected quickly, and the single step balance degree can be mapped to the assistance torque by FLC and human dynamics model. The assistance torque generated by the exoskeleton coincides with the direction of human hip joint torque, and, therefore, with the assistance of an exoskeleton, humans can move their legs faster. Faster leg movements help humans respond more quickly when they are about to fall and to regain single step balance earlier.



As a proof of concept, this paper shows the potential for a hip exoskeleton to help a human regain single step balance after forward or backward disturbance. However, future research is still facing challenges. The single step balance assessment method needs to be optimized to further reduce the detection time of balance loss. And to further verify the effectiveness of the proposed balance assistance controller, experiments on elderly people or amputees are needed in future work.
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Figure 1. Single step balance and unbalance state. 
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Figure 2. Relationship of CP and the swing foot in different walking speed. 
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Figure 3. The relationship between the position of the center of mass (CoM) and ankle torque. 
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Figure 4. The predicted and real state of CoM. 
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Figure 5. Acceleration of the swing foot during quasi-period gait. 
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Figure 6. The angle between the support leg and the vertical direction. 
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Figure 7. The degree of single step balance during forward walking. 
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Figure 8. The balance assistance control framework. 
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Figure 9. The five-bar human dynamic model. 
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Figure 10. Membership functions of fuzzy logical control (FLC)-Input: (a) Language variable architecture of M; (b) Language variable architecture of M˙. 
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Figure 11. Membership functions of FLC-Output: (a) Language variable architecture of αI; (b) Language variable architecture of αG and αC. 
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Figure 12. Fuzzy rules of assistant coefficients. 
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Figure 13. Hip assist exoskeleton (HAE) for gait and balance assistance: (a) The sensors and actuators of the exoskeleton; (b) The experiment environment of forward pulling; (c) The experiment environment of backward pulling. 
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Figure 14. The degree of single step balance: (a) Forward pull while standing; (b) Backward pull while standing; (c) Forward pull while walking; (d) Backward pull while walking. 
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Figure 15. The hip joint angle: (a) Forward pull while standing; (b) Backward pull while standing; (c) Forward pull while walking; (d) Backward pull while walking. 
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Figure 16. The hip joint torque: (a) Forward pull while standing; (b) Backward pull while standing; (c) Forward pull while walking; (d) Backward pull while walking. 
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Table 1. The results of “walk-stop” experiment.
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Walking Speed

	
Average Groups

	
dSC(m)




	
Success

	
Fail

	
dSC(tA)

	
dSC(tB)






	
Low (0.8 m/s)

	
30

	
0

	
0.115

	
0.307




	
Medium (1.3 m/s)

	
29.7

	
0.3

	
0.124

	
0.401




	
High (1.8 m/s)

	
0.8

	
29.2

	
0.293

	
0.538
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