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Abstract

:

In the development of assistive lower-limb exoskeletons, both exoskeleton design, and gait control are critical for their successful applications. This paper introduces an assistive lower-limb exoskeleton (ALEXO) for active walking assistance. The development of the ALEXO including mechanical design, sensors and gait control is described. The exoskeleton adopts a hierarchical control. A 2-link model is built for dynamic analysis and lower-level control purposes. A trajectory tracking control method based on the computed torque control is proposed, in which physical interaction between the exoskeleton and the user is included. Simulations were conducted for different levels of interaction forces to verify the feasibility of the gait control. Moreover, walking trials of a healthy subject were performed, with muscle activities measured through EMG systems. Both simulation and system test results demonstrated the effectiveness of the developed exoskeleton with the proposed control method for walking assistance.
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1. Introduction


In recent years, significant advancements have been made in exoskeleton technology, catering to a wide range of applications in industries, healthcare, and military usages [1,2,3,4,5,6,7,8]. For example, assistive exoskeletons can help patients with stroke and spinal cord injuries to restore their movement abilities as effectively as the rehabilitation robots [8,9,10,11,12,13]. Many exoskeleton designs have been reported [14,15,16,17]. Of them, a few exoskeletons use hydraulic actuators, which can obtain high bandwidth, but the system stability is limited by the hydraulic fluid and the servo-valves [18]. Some exoskeletons adopt artificial pneumatic muscles, which are more flexible, but their bandwidth of the whole system is low [19]. So far, most exoskeletons use electric motors as actuators, like the hybrid assistive limb (HAL) exoskeleton, which can provide walking rehabilitation for paraplegic patients [20].



With the different exoskeleton systems developed, many new control methods have been proposed. In [21], an adaptive algorithm to provide personalized assistance was proposed for a rehabilitation exoskeleton. A hybrid controller using a central pattern generator (CPG) and admittance controller with electromyography (EMG) signals was developed and demonstrated the effectiveness of the trajectory generation [22]. A step-width adaption algorithm based on the finite-state machine was proposed on a lower limb exoskeleton for posture balancing during walking [23]. A ground slope adaptive control was developed for estimating the movement speed on different types of terrain [24]. The gait control method has been used in lower-limb exoskeletons to assist the user to move according to a predefined trajectory [25,26]. With the predefined gait, a classification algorithm was developed to control the exoskeleton for rehabilitation [27]. Based on the zero moment point method, a gait adjustment method was proposed to improve the stability of the stance leg during walking [28]. A torque controller was proposed to assist the user with extension torque on the knee joint [29], and a biological torque controller was also developed for walking assistance by tracking the human biological hip movement profile [30]. Using a neural network prediction algorithm, a timing-based controller was proposed to detect the heel-strike event for actuating the exoskeleton [31]. Similarly, an assistive torque control was designed to achieve assistance with the gait phase detection algorithm [32]. Using EMG signals, a self-paced treadmill asymmetric gait control method was applied on an ankle exoskeleton for walking [33]. A model reference adaptive control method has shown its effectiveness on a knee exoskeleton for knee joint movement [34]. A hybrid control method, which was based on a robust linear quadratic regulator and neural-fuzzy network, has been proposed to solve the uncertainty of the payload and external disturbances during gait training [35]. In spite of these developments, there are still challenges for designing control algorithms to provide effective assistance during movement. The mechanical design of the lower exoskeleton still needs to consider the kinematic compatibility and alignment issue. Moreover, exoskeletons should adopt effective human–robot interaction control methods with a reliable sensing system, while some control algorithms are designed to achieve active assistance for lower-limb movements with different types of sensors.



In this paper, an active lower-limb exoskeleton robot (ALEXO), developed with a novel control method of walking assistance for the individuals with walking difficulties during daily activities, is introduced. Unlike rehabilitation exoskeletons, this assistive exoskeleton is aiming to assist the user’s movement with reduced muscle activities. In this light, the exoskeleton was designed with a lightweight structure, which ensures its compatibility and adaptability for users with varying body sizes. A computed torque control (CTC) method is implemented for gait control. The work is based on the author’s previous work [36] with substantial extensions including (1) details of the CTC controller, (2) simulations with different levels of disturbance forces, (3) introducing the different modes of the user interface. Moreover, measurements of the muscles’ activities are included to verify the effectiveness of the proposed controller in walking assistance.



The remainder of the paper is organized as follows. Section 2 introduces the concept of the exoskeleton. Section 3 describes the gait control method. Section 4 and Section 5 present the simulation and the experimental results with users. The work is discussed in Section 6 and concluded in Section 7.




2. Active Lower Limb Exoskeleton Robot


2.1. The ALEXO Concept


The concept of the ALEXO is shown in Figure 1, which was developed on the basis of the lower-limb module of the full-body exoskeleton AXO-SUIT [37,38].



The ALEXO was designed to help individuals with walking difficulty by enhancing the lower limbs’ motion in the sagittal plane. The ALEXO exoskeleton has a total of 8 DOFs. The hip joint of the ALEXO has two DOFs: one active DOF in the sagittal plane to provide external active assistive torque, and a passive DOF for adduction and abduction. The knee joint has one active DOF for flexion and extension. The ankle joint is passive to accommodate dorsiflexion and plantar flexion.



The exoskeleton is adaptable to different body sizes and can adjust shank length, thigh length, and hip width, and interchange the user attachment option depending on user needs. Furthermore, adjustable mechanical end-stops are used in the system to ensure user safety. The ranges of motion of the joint angles are shown in Table 1, which is sufficient to accommodate the human motion.




2.2. Hardware and Control Architecture


The mechanical structures of ALEXO are made of 6061 and 7075 aluminum alloy. The light-weighted segments reduce the system’s inertia. Four 3D-printed TPA cuffs are attached to the thigh part and the shank part of both legs, to fixate and align the human lower limbs with their counterparts of the exoskeleton. Each cuff consists of two curved segments, one in the front and one in the back, and it is connected to an adjustable slide rail to adjust for different thigh and shank sizes. Elastic straps are used to tighten the cuffs. ALEXO has two glass fiber foot insoles, which fit into users’ shoes. Four Maxon EC60 48V 100W flat motors are selected for hip and knee joints. The motor’s drive integrates back-driveable harmonic gear drives with a ratio of 1:120 for the hip and 1:50 for the knee joint, respectively.



The sensing and control architectures of ALEXO are illustrated in Figure 2. The system consists of two Teensy 4.1 micro-controller boards that are serially connected to a PC. Each Teensy is connected to a leg and processes data from its hip and knee joint. In particular, each Teensy is connected to two ESCON 50/5 servo controllers, two Broadcom AEAT 6012 absolute encoders, and two HX711 load cell amplifiers. The Broadcom encoders are placed on the non-drive side of ALEXO and read the joint angle of the hip and knee directly from the exoskeleton.



ALEXO is operated on hierarchical control. The high-level control is implemented on the Teensy 4.1 micro-controllers. A computer connected serially to each Teensy has a user interface, in which data are received and monitored in real-time. By having high-speed serial data communication (5 ms cycle time) between the ESCON controller and sensors, the Teensy boards can compute reference trajectories and send these to the low-level ESCON 50/5 servo controller.





3. Trajectory Control Method


As the leg segments of the ALEXO follow the human lower limb motion with 2-DOF active, the robot movement can be described as a two-link system. Thus the computed torque control method can be adopted to calculate the motor torque through the exoskeleton dynamic analysis. Figure 3 illustrates the ALEXO exoskeleton dynamic model.



The nonlinear dynamics of the ALEXO exoskeleton interacting with the user is given as:


  M  ( θ )   θ ¨  + C  (  θ ˙  , θ )   θ ˙  + G  ( θ )  =  τ  m o t   +  τ  h u m    



(1)




where   M ( θ )   is the inertial matrix;   C (  θ ˙  ,  θ )   represents the matrix of Coriolis and centrifugal force;   G ( θ )   donates the gravitational effect,   θ =   [  θ  h i p     θ  k n e e   ]  T   , where   θ  h i p    and   θ  k n e e    are the hip joint and the knee joint of the exoskeleton, respectively (see specific equations in Appendix A); and   τ  m o t    and   τ  h u m    are torques from the exoskeleton and the human joint, respectively.



As shown in Figure 3, the trajectory tracking error can be written as:


     e ( t )     =  θ d   ( t )  − θ  ( t )      



(2)




where    θ d   ( t )  =   [  θ  d , h   ,  θ  d , k   ]  T    are predefined trajectories of hip and knee joints; e is the difference between desired and actual angles. Considering Equations (1) and (2), we have:


     θ ¨     =  M  − 1    (  τ  m o t   +  τ  h u m   − C  (  θ ˙  , θ )   θ ˙  − G  ( θ )  )      



(3)






     e ¨     =   θ ¨  d  −  θ ¨      



(4)







Equation (4) can be written as


         e ¨  =   θ ¨  d  −  M  − 1    (  τ  m o t   +  τ  h u m   − C  (  θ ˙  , θ )   θ ˙  − G  ( θ )  )         



(5)







The control input is set as u =   e ¨  , then Equation (5) can be rewritten as


         τ  m o t   +  τ  h u m   = M  (   θ ¨  d  − u )  + C  (  θ ˙  , θ )   θ ˙  + G  ( θ )         



(6)







By adopting proportional-differential (PD) feedback control, u is expressed as


        u = −  K p  e −  K d   e ˙         



(7)







Thus, Equation (6) can be written as


         τ  m o t   +  τ  h u m   = M  (   θ ¨  d  +  K p  e +  K d   e ˙  )  + C  (  θ ˙  , θ )   θ ˙  + G  ( θ )         



(8)




where   K p   and   K d   are the proportional and the derivative gains of the CTC controller.



The human joint torque    τ  h u m   =   [  τ  h u m H   ,  τ  h u m K   ]  T    can be calculated as:


        τ  h u m H       =   (   m  t h    l  m t  2  +  1 12   m  t h    l  t h  2  +  m  s h    ( 2   l  t h    l  m s   cos  θ  k n e e   +  l  t h  2           +    l  m s  2   ) +   1 12   m  s h    l  s h  2   )   θ ¨   h i p   − (   m  s h    (  l  m s  2  +  l  t h    l  m s   cos  θ  k n e e   )           +    1 12   m  s h    l  s h  2   )    θ ¨   k n e e   +  m  s h    l  t h    l  m s   sin  θ  k n e e    ( − 2   θ ˙   k n e e     θ ˙   h i p   )           +    m  s h    l  t h    l  m s   sin  θ  k n e e    (   θ ˙   k n e e  2  )  +  m  t h   g  l  m t   sin  θ  h i p            +    m  s h   g  (  l  t h   sin  θ  h i p   +  l  m s   sin  (  θ  h i p   −  θ  k n e e   )  )           −    F  s h    (  G  L H   +  G  L K   )  −  F  s k    l  t h   cos  θ  k n e e          



(9a)






        τ  h u m K      = −  (  m  s h    (  l  m s  2  +  l  t h    l  m s   cos  θ  k n e e   )  +  1 12   m  s h    l  s h  2  )    θ ¨   h i p            +  (  m  s h    l  m s  2  +  1 12   m  s h    l  s h  2  )    θ ¨   k n e e   +  m  s h    l  t h    l  m s   sin  θ  k n e e    (   θ ˙   h i p  2  )           +    m  s h   g  l  m s   sin  (  θ  h i p   −  θ  k n e e   )  −  F  s k    G  L K          



(9b)




where   F  s h    and   F  s k    are the interaction forces from the load sensors on the thigh and the shank;   G  L H    and   G  L K    are the lengths from the hip and the knee joint to the load sensors on the thigh and the shank.   l  t h    is the length of the ALEXO thigh segment, and   l  s h    is the shank length;   l  m t    is the distance from the centroid of the thigh segment to the hip joint, and   l  m s    is the distance from the centroid of the shank segment to the knee joint;   m  t h    and   m  s h    are the mass of the thigh and the shank, respectively.



ESCON controllers adopt velocity control for motors. It is known that


       θ ˙  M  =  K s  V −  K  s t    τ  m o t       



(10)




where    θ ˙  M   is the motor speed. V is the operating voltage of the motor.   K s   is the speed constant of the motor and   K  s t    is an equivalent torque constant of the motor. As the exoskeleton joints adopt harmonic drives, the output velocity from the motor     θ ˙  M   ( t )    can be expressed as:


          θ ˙  M  =  1  K  g r     (  K s  V −  K  s t    τ  m o t   )         



(11)




where   K  g r    is the speed ratio of the harmonic drives, and   τ  m o t    is the computed torque as the reference input for the ESCON controller, which regulates the motor to generate the driving torque   τ M  .




4. Simulations


Simulations are conducted on MATLAB with the developed control method. For simulating the interaction forces, two forces,   F t   and   F s  , that are applied on the thigh and shank, are expressed as:


     F t     = 50 cos  ( ω t )  − 50 +  f t      



(12a)






     F s     = 40 cos  ( ω t )  − 40 +  f s      



(12b)




where  ω  is set to  π , and   f t   and   f s   are random disturbances ranging from 0 to 10 N. Considering the Ziegler–Nichols method [39],   K p   and   K d   can be obtained:


     K p     = 0.6  K u      



(13a)






     K d     =   3  K u   T  o c    40      



(13b)




where   K u   is the gain to achieve a stable oscillation, and   T  o c    is the oscillation period. The mass distribution of the ALEXO and the controller gains are shown in Table 2.



The reference trajectories of the hip joint and the knee joint are given in the form of harmonic functions as:


     θ h     = 60 sin ( 3.14 t − 0.609 ) + 35     



(14a)






     θ k     = 45 cos ( 3.14 t ) − 45     



(14b)







The results of trajectory tracking are shown in Figure 4. The average errors with sinusoidal trajectories of the trajectory tracking for the hip and knee joints are 0.972 and 2.750 degrees, respectively. With the real trajectories, the average errors are 1.767 and 3.105 degrees on the hip and knee joints, respectively.



In another simulation, the random disturbance forces are set at two other levels, ranging from 0 to 20 N and 0 to 30 N, respectively. The results are shown in Figure 5. With the increased disturbance forces, the average errors of the hip joint increased to 1.147 and 1.315 degrees using the sinusoidal trajectories, respectively, while the average errors of the knee joint are found to be 3.124 and 3.469 degrees. By using the real gait, the average errors of the hip and knee joints are 1.937 and 3.407 degrees with 20 N disturbance forces on the joints, respectively. As for 30 N disturbance forces, tthe average errors are found to be 2.122 and 3.745 degrees on the hip and knee joints, respectively.




5. Physical Experiments


5.1. Trajectory Tracking


The control algorithm was first tested on the ALEXO without users. The exoskeleton was fixed on the aluminum alloy frame, and sinusoidal trajectories were applied to the hip and the knee joints:


      θ  d h   = 15 sin  ( ω t )  ,   θ  d k   = 25 sin  ( ω t )  + 25     



(15)







The results of the sinusoidal trajectory tracking are shown in Figure 6. Larger errors are shown at the beginning of the trajectory while smaller errors appear during the trajectory tracking mode, but the level of errors is generally acceptable.



A real walking gait trajectory was also used to test the performance of the trajectory tracking controller. The trajectory is obtained by putting the exoskeleton leg on the human subject and collecting joint sensor data in transparent mode. The results are shown in Figure 6b,d, respectively. Although there are some errors on the knee joint, the whole exoskeleton robot had a good performance on trajectory tracking to realize the walking gait.




5.2. Walking Assistance Tests


The proposed method was evaluated on walking assistance with the ALEXO exoskeleton. The control program was written in C language, and a user interface was developed in MATLAB APP Designer, as shown in Figure 7. The GUI controls communication to Teensy 4.1 and collects data from the serial port. The “Point to Point” mode can achieve moving the leg to a fixed position. The “Harmonic” mode can test the continuous movement performance of the exoskeleton. By switching to the “Gait” mode, the “command settings” function can record the subject’s movement through the encoder, and provide the recorded gait to the controller as the reference.



Experiments were performed on a single subject with a height of 179 cm and weight of 65 kg. The subject was required to walk on the treadmill wearing the ALEXO, which was working on the trajectory tracking mode (Figure 1c). The interaction force between the exoskeleton and the human body was collected during walking.



As shown in Figure 8, the exoskeleton follows the desired trajectory, while providing assistive force to the subject. Periodical force patterns can be observed during the gait cycle on the thigh and the shank segments. Maximum interaction forces of 95.83 N and 57.29 N were measured at the thigh and the shank, respectively.



In the experiments, EMG signals are collected to measure the muscle activities during walking with and without the exoskeleton, respectively. EMG signals of the lower limb muscle groups—the vastus lateralis (VL), the vastus medialis (VM), the gastrocnemius medialis (GM) and the tibialis anterior (TA)—were collected and normalized, with respect to the maximal voluntary contraction (MVC), and the mean amplitude value of the EMG signal was computed as a percentage of the MVC.



The results are shown in Figure 9. Without the exoskeleton, the mean amplitude values (% of MVC) of the EMG were found to be 6.45 ± 0.787, 1.86 ± 0.191, 7.76 ± 0.538, and 2.95 ± 0.224 on the VL, VM, GM, and TA, respectively. The muscle activities were found to be 3.40 ± 0.176, 1.08 ± 0.184, 3.13 ± 0.428, and 2.60 ± 0.261 with the exoskeleton. The probability values are 6.68   ×   10  − 4    , 2.68   ×   10  − 1    , 4.60   ×   10  − 3    , and 2.95   ×   10  − 2    , respectively. Significant differences were found in the VL, GM, and TA between conditions (with or without exoskeleton) in the comparisons. The results show significant decreases of efforts.





6. Discussion


In this paper, a computed torque control method is proposed to control a novel active lower-limb exoskeleton to assist a person with walking difficulties with walking. Compared to the control methods in [17,30], the proposed CTC method is more simple and reliable to implement. The proposed CTC controller can generate the motor torque while considering the interaction forces. The users’ natural gait is adopted as the reference gait and human joint torque is calculated to generate additional torque for assistance, in which the interaction forces can adjust the output torque of the proposed CTC controller through physical human–robot interaction. The trajectory tracking ability has been verified by increasing the disturbance force level. While increasing the disturbance forces from 10 N to 30 N, the errors are found to increase very slightly from 0.972 and 2.750 to 1.315 and 3.469 degrees on the hip and knee joints with the sinusoidal trajectory, respectively. Similar results are also found by using the real gait trajectory. The position errors of the knee joint are larger than the errors of the hip joint, which indicates that the knee joint is more sensitive to the disturbance.



With less system complexity, the trajectory tracking simulation results show the proposed control method has a similar tracking performance as the method in [17]. Furthermore, the muscle activities results showed that the exoskeleton can bring more assistance than the exoskeleton in [30].



It is noted that, in this work, we did not measure the ground reaction force. As a matter of fact, the ground reaction force can be obtained by different approaches; for example, either by a treadmill with load sensors [40], or by pressure sensors embedded directly in the exoskeleton foot [41]. Considering the hardware reliability and real time application [42,43], the ALEXO adopts the interaction force sensor instead of measuring the ground reaction force for gait control. The interaction forces are considered to encompass the influence of the ground reaction forces.



It has to be noted that the proposed control method brings more assistance to the shank, where the EMG signal from the gastrocnemius has a larger decrease than the signal from the vastus. Considering the exoskeleton configuration [44], the EMG signal of the soleus muscle is hard to collect due to the exoskeleton cuffs, which makes the associate region of skin not accessible. Thus, the other four muscles’ EMG signals are collected. The statistical significance differences of the lower limb indicate that the VL muscle shows more obvious assistance, while the VM muscle did not have obvious differences. The results of the GM and the TA muscles show a larger significant difference than the VM muscle, which means the shank received more assistance than the thigh during the movement. We noted that, in an early trial of the ALEXO, increased muscle activities were observed with a gait control using a classic PID position control. It is, thus, evidenced that the proposed controller can provide effective assistance during walking. On the other hand, this method could be improved by developing an adaptive gait generator to generate an adjustable reference gait for optimal exoskeleton assistance. Moreover, using wearable sensor devices, such as sensor bands [45], could achieve online parameter adjustment of the adaptive gait generator.




7. Conclusions


This paper presents the design of an active lower limb exoskeleton (ALEXO) for walking assistance. A trajectory tracking control method is proposed, which has been simulated and tested physically. The results of the EMG signals show significant reduction in muscle activities during walking with the exoskeleton, which demonstrated that the ALEXO was able to provide sufficient assistance on the hip and knee joints during walking to follow a given gait.



Future work will focus on improving the control method to achieve adaptive gait control for different users. The effectiveness of the ALEXO in assisting individuals with different walking patterns will be evaluated through user studies. Furthermore, the movement primitives theory will be applied to the ALEXO, which can contribute to achieving gait control that is more robust and intelligent.
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Appendix A


The specific expressions of   M ( θ )  ,   C (  θ ˙  ,  θ )   and   G ( θ )   in Equation (1) are given as:


     M  ( θ )  =      M 11     M 12       M 21     M 22      ,  G  ( θ )  =      G 11       G 21       C  (  θ ˙  , θ )  =      C 11     C 12       C 21     C 22                



(A1)






      M 11  =  m  t h    l  m t  2  +  1 12   m  t h    l  t h  2  +  m  s h    (  l  t h  2  +  l  m s  2  + 2  l  t h    l  m s   cos  (  θ  k n e e   )  )  +  1 12   m  s h    l  s h  2      



(A2)






     M 12     =  M 21  = −  m  s h    (  l  m s  2  +  l  t h    l  m s   cos  (  θ  k n e e   )  )  −  1 12   m  s h    l  s h  2                  



(A3)






   M 22  =  m  s h    l  m s  2  +  1 12   m  s h    l  s h  2                 



(A4)






   C 11  =  m  s h    l  t h    l  m s    ·  sin  (  θ  k n e e   )   ·   ( − 2   θ ˙   k n e e   )                  



(A5)






   C 12  =  m  s h    l  t h    l  m s    ·  sin  (  θ  k n e e   )   ·   (   θ ˙   k n e e   )                    



(A6)






   C 21  =  m  s h    l  t h    l  m s    ·  sin  (  θ  k n e e   )   ·   (   θ ˙   h i p   )                     



(A7)






   C 22  = 0                       



(A8)






         G 11  =  (  m  t h    l  m t   +  m  s h    l  t h   )   ·  g  ·  sin  (  θ  h i p   )  +  m  s h    ·  g  ·   l  m s    ·  sin  (   θ  h i p   −  θ  k n e e    )           



(A9)






   G 21  = −  m  s h    ·  g  ·   l  m s    ·  sin  (   θ  h i p   −  θ  k n e e    )                 



(A10)
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Figure 1. Concept of ALEXO. (a) The CAD model, (b) the physical system, (c) a walking test on treadmill. The system includes: 1. waist support, 2. passive adduction/abduction hip joint, 3. active flexion/extension hip joint, 4. thigh adjustment screw, 5. active flexion/extension knee joint, 6. shank adjustment screw, 7. passive plantar flexion/dorsiflexion ankle joint, 8. motors, 9. Forsentek FNG30 load sensors. 
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Figure 2. The hardware and control architecture of a single leg in ALEXO. 
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Figure 3. (a) ALEXO exoskeleton dynamic model. (b) The control scheme of the ALEXO. 
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Figure 4. Trajectory tracking simulation results: (a) hip joint with sinusoidal trajectory, (b) knee joint with sinusoidal trajectory, (c) hip joint with real gait, (d) knee joint with real gait. 
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Figure 5. Trajectory tracking simulation with different levels of disturbance forces: (a) hip joint with sinusoidal trajectory, (b) knee joint with sinusoidal trajectory, (c) hip joint with real gait, (d) knee joint with real gait, (e) sinusoidal trajectory error of the knee joint with different levels of disturbance forces, (f) coordination pattern of the hip and the knee joints with sinusoidal trajectory, (g) coordination pattern of the hip and the knee joints with real gait. 
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Figure 6. Trajectory tracking results with the physical system: (a) hip joint with sinusoidal trajectory, (b) hip joint with real gait, (c) knee joint with sinusoidal trajectory, (d) knee joint with real gait. 
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Figure 7. User interface of the ALEXO control. 
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Figure 8. Human-exoskeleton interaction test with real walking gait trajectory. (a) Angles of hip and knee joints. (b) Interaction force of the lower limb. 
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Figure 9. Mean muscle activities during walking with and without the exoskeleton. 






Figure 9. Mean muscle activities during walking with and without the exoskeleton.



[image: Machines 11 00864 g009]







 





Table 1. The angular range of motion (ROM) and DOF of joints.
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	Joint
	Movement
	Actuation Type
	ROM





	Hip
	Flexion/Extension
	Active
	    30 ∘  /  100 ∘    



	-
	Adduction/Abduction
	Passive
	    10 ∘  /  15 ∘    



	Knee
	Flexion/Extension
	Active
	    0 ∘  /  120 ∘    



	Ankle
	Dorsiflexion/Plantar Flexion
	Passive
	    20 ∘  /  45 ∘    










 





Table 2. Mass and control parameters.
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	Description
	Thigh/Shank





	    m  t h   /  m  s h     
	Mass of the segment (kg)
	   3.3 / 1.1   



	    l  t h   /  l  s h     
	Length of the segment (m)
	   0.475 / 0.45   



	    l  m t   /  l  m s     
	Centroid distance of the segment (m)
	   0.36 / 0.15   



	
	Hip
	Knee



	   K p   
	3600
	6400



	   K d   
	110
	140



	   G L   
	0.18
	0.175
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