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Abstract

:

Lower limb exoskeleton robots help with walking movements through mechanical force, by identifying the wearer’s walking intention. When the exoskeleton robot is lightweight and comfortable to wear, the stability of walking increases, and energy can be used efficiently. However, because it is difficult to implement the complex anatomical movements of the human body, most are designed simply. Due to this, misalignment between the human and robot movement causes the wearer to feel uncomfortable, and the stability of walking is reduced. In this paper, we developed a two degrees of freedom (2DoF) ankle exoskeleton robot with a subtalar joint and a talocrural joint, applying a four-bar linkage to realize the anatomical movement of a simple 1DoF structure mainly used for ankles. However, bidirectional tendon-driven actuators (BTDAs) do not consider the difference in a length change of both cables due to dorsiflexion (DF) and plantar flexion (PF) during walking, causing misalignment. To solve this problem, a BTDA was developed by considering the length change of both cables. Cable-driven actuators and exoskeleton robot systems create uncertainty. Accordingly, adaptive control was performed with a proportional-integral-differential neural network (PIDNN) controller to minimize system uncertainty.
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1. Introduction


An exoskeleton can help the wearer to maintain posture or perform agile movements, by performing the role of assisting or supporting the forces by understanding the intention of the wearer for the desired movements. Additionally, it can play a role in preventing external shocks that may occur, in advance. Wearable systems are being researched in various fields according to the purpose of each field, including the military, industrial, rehabilitation, and medical care fields [1,2,3]. The number of musculoskeletal patients with gait disorders is currently increasing, because the elderly population is increasing. Therefore, many robots to help patients, including wearable robots to help with daily life and rehabilitation robots to recover muscle strength, have been developed [4,5,6]. These robots support daily life by assisting the wearer’s muscle strength and performing rehabilitation training. Research has already shown that walking ability can be improved by wearing an exoskeleton robot for gait rehabilitation [7].



The anatomical axis of the ankle joint is two degrees of freedom (2DoF), consisting of the talocrural joint and the subtalar joint [8]. When walking, the talocrural joint contributes to dorsiflexion, preventing the foot from dragging on the ground and providing a balanced gait pattern through proper rotation of the foot, and plantar flexion, which provides propulsion to move forward. Therefore, the ankle balances the body when walking through the complex rotation of the two joints [9]. However, if the ankle is not functioning properly, such as in patients post-stroke or with hemiplegia, the reduced plantar flexion function during push-off inhibits the contribution to anterior propulsion. Moreover, the reduced dorsiflexion function during the swing increases the risk of falling, due to a narrower foot gap. This decrease in function causes a circumduction gait phenomenon during walking, due to the drop-foot phenomenon [10]. Therefore, due to the circumduction gait, the hip flexural muscle is under excessive burden from the imbalance in walking, which can lead to lower back pain [11,12]. As mentioned above, the ankle rehabilitation technology for solving the ankle function problem can be classified into an exoskeleton robot and a platform-based device. Platform-based devices are mainly developed for the treatment of ankle musculoskeletal and nerve injuries, and exoskeleton robots are more focused on ankle-related gait training [13]. In addition, ankle exoskeleton robots are applied to reduce metabolic cost and electromyography (EMG) by assisting the movement of the ankle [14,15]. The actuator of the ankle exoskeleton is selected for the purpose. In general, series elastic actuator (SEA) is selected when more stability of the system is required [16,17], and artificial muscles and Bowden cables are used to reduce the weight of the system [18,19,20], and electric motors are used when strong torque is required [21]. However, most of the developed lower-limb exoskeleton robots are 1DoF systems that consider only the sagittal plane, which does not coincide with the axis of the ankle. Some are 2DoF systems that consider the sagittal and coronal planes, but without these coinciding with the actual ankle axis [22,23]. Such a system causes misalignment between the robots and humans, and limits the range of motion, causing the wearer to feel uncomfortable and reducing walking stability. In the case of the hip joint and knee exoskeleton robots, studies are being conducted based on anatomical data to minimize misalignment between robots and humans [24,25,26]. However, in the case of the ankle, little research has been conducted. Therefore, this research institute developed a 2DoF ankle exoskeleton robot that matches the anatomical axis of the ankle joint, by establishing a coordinate system based on anatomical data and calculating the spatial formula of the talocrural joint and subtalar joint. This 2DoF ankle exoskeleton robot is capable of dorsiflexion, plantar flexion, inversion, and eversion [27]. In addition, the ankle joint does not rotate in one center while walking; the axis position changes. For example, as shown in Figure 1a, the talocrural joint descends below the existing axis in dorsiflexion and rises upward in plantar flexion [28,29]. For this reason, during dorsiflexion, the orthosis axis is above the ankle axis, the pressure is applied to the anterior side of the leg, and the orthosis moves in the posterior and distal directions [30,31]. Therefore, if the joint change is not considered, the wearer feels uncomfortable due to misalignment, and the balance is broken when walking, reducing stability. Dorsiflexion and plantar flexion of the talocrural joint is similar in motion to the four-bar linkage system, and comfortable walking is possible by following the change in the position of the talocrural joint during dorsiflexion and plantar flexion. As shown in Figure 1b, it can follow the movement of the instantaneous center of rotation (ICR) that moves during dorsiflexion and plantar flexion, thereby increasing stability by reducing misalignment between the human and robot during walking. Accordingly, the developed 2DoF ankle exoskeleton robot was applied with a four-bar linkage system. The structure was designed similarly to the Chebyshev linkage, a type of four-bar linkage.



Unlike other joints in the body, due to its location in the foot, the ankle joint is incredibly weight-bearing; if the actuator is placed near the ankle joint, a much greater load is felt relative to a device situated near the center of the body. Additionally, simply wearing a robot increases the wearer’s metabolic expenditure [32]. Therefore, unlike other joints, a relatively light actuator must be installed, and it is effective to position the actuator in the center of the body to reduce the sensory weight of the actuator. A tendon-driven actuator that can support the ankle movement in the center of the body is currently being developed. Most tendon-driven actuators have been developed as bi-directional tendon-driven actuators that can assist with dorsiflexion and plantar flexion of the ankle with a single motor. However, most bi-directional tendon-driven actuators are designed without considering the difference in length changes of both cables during the gait cycle. This causes unstable movement, resulting in misalignment between the human and robot. For this reason, a tendon-driven actuator that controls dorsiflexion and plantar flexion with two motors has been developed, but in this case, the cost and weight of the actuator are increased. Therefore, by measuring the rotational change of the talocrural joint and subtalar joint during walking, and calculating the length change of both cables according to dorsiflexion and plantar flexion, we developed a bi-directional tendon-driven actuator (BTDA) that can account for differences in the length changes of both cables.



If perturbation occurs in the system parameters, a proportional-integral-differential (PID) controller can only function properly if these changes are small. Therefore, in the case of a linear time-invariant process, a conventional PID controller is suitable, but a system with high nonlinearity needs to change its parameters over time [33]. However, most systems are nonlinear; therefore, it may be difficult to minimize the uncertainty of the existing PID controllers. Likewise, the ankle joint of the developed exoskeleton robot is composed of a four-bar linkage, and the movement of the subtalar joint cannot be completely controlled by controlling the structure of the 2DoF with the talocrural joint and subtalar joint, based on data of the talocrural joint. Thus, mechanical uncertainty arises. In addition, unlike general fixed actuators, the cable is relatively flexible, which causes more mechanical uncertainty. As described above, the uncertainty has multiple causes, and the exact force cannot be delivered to the wearer. Therefore, this study minimizes the uncertainty and achieves better control by applying the PID neural network controller (PIDNN), which enables adaptive control by updating the weight of the gain value of the existing PID controller through an artificial neural network [34,35,36]. The weights are updated through back-propagation.



The rest of this paper is organized as follows: The configuration of the 2DoF ankle exoskeleton robot and a method of estimating the actual ankle angle with a sensor on the ankle joint applied by the four-bar linkage is described in Section 2 [37]. The method of calculating the length change of both cables and the designed BTDA based on the calculated range of motion of the cable is described in Section 3 [38]. The structure of the PID neural network controller and the mathematical theory of back-propagation training are described in Section 4. System verification through the experimental environment setup and experimental results is covered in Section 5, and the results are discussed in Section 6. Finally, the research conclusions are covered in the last section.




2. Mechanical Design of the Polycentric Ankle Joint


A 2DoF ankle exoskeleton robot developed by this research institute was constructed based on Isman’s actual human anatomy measurement data [8,17]. The position of the talocrural joint is at an average of 8 mm in the anterior direction and 3 mm in the distal direction of the distal tip of the fibular malleolus. The calculated talocrural joint and subtalar joint were designed based on Equations (1) and (2). An arbitrary coordinate system was set as the origin at the intersection of the ankle joint and the plane, perpendicular to the ground and including the middle of the foot.


  y = −  z  0.1763    



(1)






   x 1  =  y  − 0.4245   =     z + 7.04     2.2452    



(2)







The x-axis is the line perpendicular to the plane containing the talocrural joint, and the y-axis is the line passing through the origin and perpendicular to the x-axis. The z-axis is a line that passes through the origin and is perpendicular to the ground.



As shown in Figure 2a, the length of    l 4    was selected by summing the position change D about the average z-axis of the talocrural joint along with the DF of the ankle and the position change P according to the PF. Therefore, the polycentric structure was designed to match the position change of the talocrural joint and the ICR of the for-bar linkage. Foot length is mostly affected by the length of the metatarsal bones rather than the length of the heel. Therefore, as shown in part C of Figure 2b, the structure was designed around the heel, not the entire sole.    l 1    and    l 2    are the crank parts of the four-bar linkage,    l 3    is the coupler, and    l 4    is the ground part. Table 1 shows the length of the link in the polycentric structure.



The ankle has a range of motion of about 50° for dorsiflexion and about 30° for plantar flexion. The range of motion of the ankle depends on the walking speed. When the walking speed is 2 km/h, the average dorsiflexion is about 10° and the plantar flexion is about 20° [39,40]. Accordingly, the developed 2DoF ankle exoskeleton robot was designed to meet the maximum range of motion. The 2DoF ankle structure was designed as shown in Figure 2b. As shown in Figure 2a, the structure of the talocrural joint is composed of a four-bar linkage, which is a polycentric structure.



During dorsiflexion and plantar flexion of the ankle, the polycentric structure moves as shown in Figure 3a. The designed 2DoF ankle exoskeleton robot obtained joint rotation data while walking, through encoders attached to the talocrural joint and subtalar joint. The data in Figure 3b are the rotation data of the ankle joint obtained while walking while wearing an actual exoskeleton robot. Rotation data were obtained when the walking speed was 1km/h, and the range of motion was about 4° for dorsiflexion and about 13° for plantar flexion.



To perform gait training, it is necessary to understand the gait cycle and gait stage. The gait pattern is possible by measuring the torque of the ankle, but most of the patients who need gait training have difficulty in estimating the gait pattern using only the ankle torque because their ankle does not function properly. Therefore, it is possible to accurately estimate the gait pattern; ankle patients can estimate the angle of the ankle only by the movement of the leg by analyzing the correlation between the ankle angle of two degrees of freedom with an inertial measurement unit (IMU) sensor attached to the thigh and shin. Therefore, it is necessary to measure the actual angle of the ankle to analyze the correlation with the IMU sensor. However, as shown in Figure 2a, it is difficult to directly estimate the actual ankle angle due to the complex structure of the ankle joint. Therefore, the encoder was connected to one axis of the polycentric structure and converted to the actual ankle angle. Through this process, the relative angle of the tibia and talus was estimated in the actual human body. This can be calculated by Equations (3) and (4), by analyzing the position of the link using the algebraic method.


   θ 5  = 2 atan   − B +      B 2  − 4 AC     · sgn    θ 2      2 A    



(3)




where


   K 1  =    l 4     l 1         K   2  =    l 4     l 3     










   K 3  =    l 1 2  −  l 2 2  +  l 3 2  +  l 4 2    2  l 1   l 3     










  A =    cos   θ   2    −  K 1  −  K 2     cos   θ   2  +  K 3   










  B = − 2    sin   θ   2   










  C = −  K 1  −    K 2  + 1      cos   θ   2  +  K 3   










   sgn       θ 2    =       + 1       − 1           :         :           0 ≤  θ 2  < 180       180 ≤  θ 2  ≤ 360      











Finally, the relative angle between the tibia and talus can be determined through Equation (4), using    θ 3    and    θ 2    measured by the encoder. The calculated relative ankle angle was used to estimate the actual ankle angle and control the ankle position.


   θ T  = − α +      θ   2  +  θ 5   



(4)








3. Design of the Bi-Directional Tendon-Driven Actuator (BTDA)


The change in the length of the cable can be calculated through the position of the insertion of the cable due to the rotation of the talocrural joint and the subtalar joint during the gait cycle. One end of the cartridge of the cable is connected to the origin (Figure 4), and the range of motion of the cable is from the origin to insertion. The talocrural joint structure is more complex than the subtalar joint structure, therefore the y-axis of the coordinate system was established parallel to the talocrural axis.



Firstly, the insertion of the anterior and posterior cables according to rotation in the talocrural joint and the change in the position of the subtalar axis were calculated using the forward kinematics formula of the 3DoF manipulator.


   X n  =  l 1  cos    θ 5    +  l 2  cos    θ 5  +  θ 6    +  D n  cos    θ 5  +  θ 6  +   B   1 n      



(5)






   Z n  =  l 1  sin    θ 5    +  l 2  sin    θ 5  +  θ 6    +  D n  sin    θ 5  +  θ 6  +   B   1 n      



(6)







Here,


   B  =        θ 7         θ 8         θ 9         θ 10         








where n is 1~4.    X n    of Equation (5) is the changed position in    S n   x    on the x-axis in the spatial coordinate system.    X 1    and    X 2    are points on the subtalar axis.    X 3    is the insertion position on the x-axis of the anterior cable, and    X 4    is the insertion position on the x-axis of the posterior cable.    Z n    of Equation (6) is the    S n   z    position on the z-axis.    D n    is the linear distance from P to point    S n   . B is a four-by-one matrix that represents the angle between points    S n    and P. The y-axis of the coordinate system coincides with the talocrural axis, therefore each point on the y-axis according to the rotation is the same as the initial position. Therefore, the formula of the subtalar joint, according to the rotation of the talocrural axis and the insertion position of both cables on the coordinate system, can be calculated by Equations (7)–(9).


    S    subtalar      =      X 2  −  X 1         S   2   y  −  S 1   y         Z   2  −  Z 1     



(7)






    S  3  =        X 3             S   3   y             Z   3         



(8)






    S  4  =        X 4             S   4   y             Z   4         



(9)







Equation (7) is the formula of the subtalar joint according to the rotation of the talocrural joint. Equation (8) is the position of the anterior cable according to the rotation of the talocrural axis, and Equation (9) is the position of the posterior cable. Secondly, the change in the position of the insertion of both cables according to the rotation of the subtalar axis can be obtained by using Equation (10), RRM (Rodrigues’ rotation matrix) [41]:


    R   subtalar   =  I  +   sin    θ  sub         K   subtalar   +   1 − cos    θ  sub         K   subtalar  2   



(10)




where


    K   subtalar   =      0    −  S  subtalar    z       S  subtalar    y         S  subtalar    z     0    −  S  subtalar    x        −  S  subtalar    y       S  subtalar    x     0       








where    S  subtalar     is the normalized vector of the subtalar joint,    θ  sub     is the rotation angle of the subtalar joint,   I   is a three-by-three unit matrix. Therefore, the length change of the anterior and posterior cables due to the complex rotation of the talocrural joint and the subtalar joint during walking is the same as in Equations (11) and (12).


   Anterior   cable   length  =   R   subtalar   ·   S  3   



(11)






   Posterior   cable   length  =   R   subtalar   ·   S  4   



(12)







As can be seen in Figure 5, the difference between the anterior and posterior cables was calculated to be about 20 mm at maximum. Overall, the length change of the posterior cable is larger than that of the anterior cable. Therefore, the pulley connected to the anterior cable was designed to correspond to the length of the posterior cable. As shown in Figure 6, the BTDA was designed to control the anterior and posterior directions by connecting two pulleys to the shaft on the motor. The anterior cable assists dorsiflexion, and the posterior cable assists plantar flexion.



The pulley connected to the posterior cable in Figure 6a needs a strong torque, because it assists the plantar flexion which provides propulsion when walking. In general, at a walking speed of 2.6 m/s, dorsiflexion generates a torque of 0.3 Nm/kg, and plantar flexion generates a torque of 1.3 Nm/kg [42]. Therefore, to improve the stability by improving the impedance of the system, a series elastic system with higher spring stiffness than the anterior pulley was applied [43]. Therefore, the posterior pulley has three springs with high rigidity, and the anterior pulley has two springs in consideration of the length change of the cable and the size of the pulley. Figure 6b shows a pulley connected to an anterior cable, with a compression spring inserted to solve the relatively long length change in the posterior cable. Therefore, when the anterior cable is rotated in the unwinding direction, the spring is compressed to overcome the difference in length of both cables.




4. Design of the PID Neural Network Controller


To minimize the uncertainty of the exoskeleton robot system, a PID neural network controller was applied. As shown in Figure 7, the PID neural network controller is a controller to which the PID algorithm of an artificial neural network is applied; it consists of three layers. The input layer consists of reference values and system output values. The hidden layer consists of neurons containing PID gains. The output layer computes the signals which the controllers provide to the system. Unlike the PID controller, the PID neural network controller can update weights through back-propagation. In other words, adaptive control is possible because the PID gain is updated.



The input–output functions in the input layer are normalized values, and the output value of the input neuron can be expressed as Equation (13):


   x i   t  =        1       o i   t        − 1            o i   t  > 1       − 1 ≤  o i   t  ≤ 1        o i   t  < − 1      



(13)




where  i  is 1,2, and  t  is the amount of data. The hidden layer creates neurons that perform the PID algorithm by multiplying the neurons of the input layer and weights. Neurons in the hidden layer can be represented by Equation (14):


     o ·   j   t  =     ∑   j = 1  3    ∑   i = 1  2   w  ij    x i   t   



(14)




where  j  is 1,2,3, and    w  ij     is the weight between the input layer and the hidden layer. The initial weight of    w  1 j       is +1, and    w  2 j       is −1. Therefore,      o ·   j   t    becomes the angular error difference between the reference value and the output value. Thereafter, the angular error values can be obtained by using Equations (15)–(17) to obtain the PID neuron located in the hidden layer.


     x ·   1   t  =        1         o ·   1   t        − 1              o ·   1   t  > 1       − 1 ≤    o ·   1   t  ≤ 1          o ·   1   t  < − 1      



(15)







Equation (15) is an equation for obtaining the output value of the P-neuron, and similarly, the output value of the I-neuron and the output value of the D-neuron can be obtained by Equations (16) and (17), respectively.


     x ·   2   t  =        1         x ·   2    t − 1   +    o ·   2   t        − 1              o ·   2   t  > 1       − 1 ≤    o ·   2   t  ≤ 1          o ·   2   t  < − 1      



(16)






     x ·   2   t  =        1         x ·   2    t − 1   +    o ·   2   t        − 1              o ·   2   t  > 1       − 1 ≤    o ·   2   t  ≤ 1          o ·   2   t  < − 1      



(17)







Here, the output value of the I-neuron can be obtained by adding the input value of the I-neuron from the output value of the previous I-neuron. The output value of the D-neuron can be obtained by subtracting the input value of the previous D-neuron from the input value of the current D-neuron. Next, as shown in Equation (18), the neuron of the output layer can be obtained by multiplying the output value of the hidden layer and the weight of the hidden layer. Therefore, the output value of the output layer can be obtained through Equation (19).


     o ¨   1   t  =     ∑   i = 1  3   w  3 i      x ·   i   t   



(18)






     x ¨   1   t  =        1         o ¨   1   t        − 1              o ¨   1   t  > 1       − 1 ≤    o ¨   1   t  ≤ 1          o ¨   1   t  < − 1      



(19)




where      x ¨   1   t    is the speed of the motor that enters the system, and the input value   z  t    is multiplied by the output value      x ¨   1   t    of the output layer and the scale factor     s ˜  r    to adjust the scale.



After that, the weight was updated using the back-propagation training algorithm according to the error value propagated through the system. The squared error method was used as the error function.


   w  ij     t + 1   =      w    ij    t  −   η   ∂ J   ∂  w  ij      



(20)







Here,


  J =     ∑   t = 1  N   E t    =    1 N    ∑   t = 1  N      r  t  − y  t     2   








where   r  t    is the reference value,   y  t    is the system output values, and  N  is the number of samples.  η  is the learning rate and serves to adjust the update rate to prevent overshooting of the error slope. The error function for updating the weight of the hidden layer can be expressed as Equation (21) for convenience of calculation.


    ∂ J   ∂  w  3 j     ≈   −  2 N    ∑   t = 1  N    r  t  − y  t      y  t  − y   t − 1        x ¨   1   t  −    x ¨   1    t − 1        x ·   j   t   



(21)







Therefore,


   w  3 j     t + 1   =      w    3 j    t  +   η  2 N    ∑   t = 1  N    r  t  − y  t      y  t  − y   t − 1        x ¨   1   t  −    x ¨   1    t − 1        x ·   j   t  .  



(22)







In addition, the weight update in the input layer can also be expressed as Equation (23).


    ∂ J   ∂  w  ij     ≈   −   ∑   t = 1  N    r  t  − y  t         x ·    ij    t  −    x ·    ij     t − 1        o ·    ij    t  −    o ·    ij     t − 1      w  3 j    x i   t   



(23)







Therefore,


   w  ij     t + 1   =      w    ij    t  +   η   ∑   t = 1  N    r  t  − y  t         x ·    ij    t  −    x ·    ij     t − 1        o ·    ij    t  −    o ·    ij     t − 1      w  3 j    x i   t  .  



(24)







The designed PID neural network controller updates the weights by propagating errors according to the ratio of each weight, as shown in Figure 8. Therefore, the following response of the system can be improved by initially adjusting the PID gain and learning rate, thereby improving the control performance. Figure 9 is a schematic of the PID neural network control and includes the contents covered in Section 4.




5. Experimental Setting and Results


As shown in Figure 10 and Figure 11, IMU sensors were attached to the center of the shin and thighs of the developed 2DoF ankle exoskeleton robot. The IMU sensor can estimate the angle of rotation of the ankle based on data from the gyroscope and accelerometer while walking. A pressure sensor (force-sensing resistor, FSR), was attached to the insole in the sole part. The three FSR sensors were located at each point in the toe, heel, and medial of the insole, and, when walking, the toe-off point and the heel strike point due to foot pressure could be detected and the walking section could be identified. The anterior cable was connected to the center of the instep, and the posterior cable was connected to the center of the heel. An encoder was attached to each part to measure the rotation angle of the talocrural joint and subtalar joint of the ankle during walking. The actuator included an electric motor (TBM (S) -6013-B, KOLLMORGEN, Tianjin, China), gear reducer (100:1, SHD-20-2SH, Harmonic Drive LLC, San Jose, CA, USA), encoder (AMT 203-V (Absolute), CUI Inc., Gyeonggi-do, Korea), IMU (EBIMU-9DOFV5, E2BOX Inc., Shanghai, China), and motor driver (24V-16A, CUBE-BL2416-SIH, Robocube Tech co., Gyeonggi-do, Korea). The STM32F4 Discovery board communicated with the motor driver via a controller area network (CAN).



The experimental setup was used by attaching an ankle exoskeleton robot to the rigid body, as shown in Figure 10 and Figure 11, to validate the proposed controller. When the input angle of the sinusoidal was given, the angle value of the talocrural joint was set to follow. The sinusoidal angle was set from 38° to 68° in consideration of the angle value of the talocrural joint during walking so that the joint moved at 30°. The micro controller unit (MCU) interrupt time was one millisecond. The motor was set to a maximum of 3000 rpm in consideration of the maximum allowable speed. The input frequency was changed to check the drive capability for angle tracking. Experiments were conducted for frequencies of 0.1 Hz, 0.2 Hz, and 0.4 Hz. In addition, to verify the performance required for rehabilitation, an experiment was conducted on the walking pattern received at a walking speed of 1 km/h on the treadmill. To improve the subsequent response to the controller, gain tuning was performed, and an experiment was conducted with optimal parameters. Table 2 and Table 3 show the PID control and PIDNN control parameter values for each experiment.



As can be seen in Figure 12, the maximum error at the sinusoidal frequency of 0.1 Hz was about 2.5° for PID and 1.3° for the PIDNN. Additionally, at 0.2 Hz, PID was about 4° and the PIDNN was about 1.5°, and at 0.4Hz, PID was about 9.2° and the PIDNN was about 3.6°. As the frequency of sinusoidal increased, the position tracking error of PID gradually increased, but PIDNN showed a relatively stable appearance. In particular, when PID increased from 0.2 Hz to 0.4 Hz, the position tracking error rapidly increased in the rotation section. In addition, in the experiment with the walking pattern of 1 km/h, the PID was about 10.2°, and the PIDNN had an error of about 4°. The error decreased as the learning rate of the PIDNN controller increased from 0.1 to 0.3. However, performance deteriorated above 0.4. Figure 13 is a bode plot obtained by the Fourier curve fitting the magnitude and phase data for each frequency. The point on the talocrural axis of the ankle exoskeleton robot was 61.45 mm from the origin. At that point, the z-axis movement of the talocrural joint moved about 17 mm down for dorsiflexion and 5 mm up for plantar flexion. Therefore, the length of the ground of the polycentric structure was 22.54 mm, so the ICR was designed to move within the same range. Therefore, when the DF and PF of the ankle moved, they followed the axis of the ankle.




6. Discussion


In this paper, a 2DoF ankle exoskeleton robot that matched the actual axis of the ankle was designed, and a polycentric structure was applied to minimize misalignment in the talocrural joint according to the movement of the ankle. The relative angles of the tibia and talus were calculated using an encoder connected to the polycentric structure. At a walking speed of 1 km/h, a range of about 20° was measured for the relative angle. To solve the misalignment caused by the ankle joint not rotating in one center, the change in length of the anterior and posterior cables according to the rotation of the talocrural joint and the subtalar joint was calculated. The length change of the cable was about 20 mm larger for the posterior cable than for the anterior cable. Therefore, the pully connected to the anterior cable was designed to be able to change the length by about 20 mm by inserting a spring, and the pully connected to the posterior cable to provide propulsion when walking was applied with a series elastic system to ensure system stability under strong torque.



PID neural network control was applied to solve the uncertainty of the developed exoskeleton robot. To verify the applied PID neural network controller performance, it was compared with the PID controller. The experimental results showed that the PID neural network reduced errors. As shown in Figure 13, when considering the stability of the system, the cutoff frequency at the −3 dB point was 0.27 Hz for the PID and 0.51 Hz for the PIDNN. Accordingly, in the walking pattern with a frequency of 0.45 Hz, the PID was not satisfied with the stability of the system and indicated that movement may be disturbed. Therefore, it was shown that both the PID and PIDNN were suitable for simple repetitive rehabilitation training with a sinusoidal frequency of about 0.2 Hz, but the PIDNN was more suitable because the PID could not accurately follow a gait pattern in which the ankle movement was rapid. At a frequency of 0.2 Hz, there was no significant difference in performance, but a real person wearing an exoskeleton robot could increase the uncertainty of the system. In this case, a PIDNN could be expected to perform better by using a variable to resolve the system uncertainty due to the error value.



We found that the BTDA system with the PIDNN controller performed differently depending on the designed parameters. The PIDNN controller showed a difference in performance depending on the learning rate, rather than the PID. As the learning rate increased, the errors decreased. However, if the learning rate increased significantly more than a certain value, the system became unstable, and errors increased. Therefore, it is important to determine the appropriate learning rate after finding the optimal PID gain.




7. Conclusions and Future Work


In this paper, we explored the development of mechanisms for exoskeleton robots and the design and control of actuators. Research on misalignment in ankle exoskeleton robots is currently limited. The talocrural joint of the ankle is tilted downward during dorsiflexion and upward during plantar flexion, thereby changing the ICR. This movement is similar to that of the Chebyshev linkage, a four-bar linkage system, which can follow changes in the ICR of the talocrural joint. Therefore, to minimize misalignment and increase the wearer’s stability, we proposed applying a polycentric structure to the ankle structure of an exoskeleton robot. The polycentric structure has difficulty in estimating the actual ankle angle, therefore an encoder was connected to one axis of the polycentric structure to estimate the relative angle of the tibia and talus in the actual human body. The ankle is located under the body, and the BTDA was designed to control the actuator by placing it above the body for the wearer’s stability. The BTDA was designed to address the length change to minimize misalignment due to the difference in length changes of both cables, which is required for bidirectional control. The developed exoskeleton robot controlled the ankle structure of the 2DoF with a four-bar linkage structure with only one axis, thus it could not be fully controlled, resulting in system uncertainty. In addition, mechanical uncertainty arises because the system is controlled with a relatively flexible cable rather than the fixed actuators commonly used in this type of system. To minimize this uncertainty and ensure the wearer’s stability, we applied an artificial neural network-based PID controller. The PIDNN controller showed a difference in performance according to the learning rate than PID. The error decreased as the learning rate increased, but the performance deteriorated above a certain value. Therefore, it was necessary to determine the learning rate after finding the optimum PID gain value. The PID controller system became unstable as the frequency of sinusoidal increased, but the PIDNN controller was relatively stable. The PIDNN controller was designed to solve the parameters and nonlinearities using the mathematical simplicity of the PID controller, and the function of the artificial neural network. Therefore, the developed BTDA is thought to greatly contribute to the development of an ankle exoskeleton robot.



In future, an actuator that is currently being developed for experimentation will be further developed to be worn on the waist. In addition, the ankle exoskeleton robot can help only when the wearer’s intention to walk is identified. Therefore, because it is difficult for ankle patients to infer the angle of the ankle, the three-axis accelerometer data and three-axis gyroscope data are measured with two IMU sensors attached to the 2DoF ankle exoskeleton robot. Based on the measured data, a study that estimates the angle of the ankle in real-time when walking through AI calculation could support further development of this technology.
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Figure 1. Overview of ankle anatomy and four-bar linkage: (a) anatomical structure of the human ankle, and talocrural joint position changes according to dorsiflexion (DF) and plantar flexion (PF); (b) Instantaneous center of rotation (ICR) position change according to the movement of the four-bar linkage. 
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Figure 2. Design of the developed two degrees of freedom (2DoF) ankle exoskeleton robot and design of the ankle structure: (a) a 2DoF ankle exoskeleton robot with a polycentric structure in the talocrural joint.; (b) each part is responsible for the function of the ankle. Part A is the tibia, Part B is the talus, and Part C is the sole. 
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Figure 3. Ankle structure movement and gait data: (a) polycentric structure movement according to the movement of both cables; (b) the encoder date of the ankle joint obtained during the gait. 
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Figure 4. 2DoF ankle exoskeleton showing the location of the cable origin, the insertion points, and the subtalar axis. 
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Figure 5. The changes in cable length were calculated based on the rotation angle of the talocrural joint and subtalar joint in Figure 3b. Observing the black line, the posterior cable has a longer length change than the anterior cable. 
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Figure 6. Designed bidirectional tendon-driven actuator (BTDA): (a) cable movement direction according to the motor rotation direction; (b) pulley connected to the anterior cable.  d  is the compressible spring length. 
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Figure 7. Structure of the Proportional-Integral-Differential Neural Network (PIDNN) controller. 
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Figure 8. Schematic diagram of the PID neural network (PIDNN) controller back-propagation. 
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Figure 9. Schematic block diagram of the ankle exoskeleton controller. 
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Figure 10. The experimental setup: (a) bi-directional tendon-driven actuator, microcontroller unit, controller area network, brushless direct current motor and motor driver for motor control; (b) The overall experimental setup attached to a rigid body. 
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Figure 11. Overall 2DoF ankle exoskeleton robot: (a) sensor location attached to the exoskeleton robot (encoder, inertial measurement unit (IMU), force-sensing resistor (FSR)); (b) foot sensor for measuring the gait step; (c) a schematic representation of the experimental setup. 
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Figure 12. Experimental results of the PID Neural Network control (PIDNN) and PID control: (a,c,e,g) Results of the angular position estimation performance; (b,d,f,h) Results of the angle tracking error. (From top to bottom, 0.1 Hz, 0.2 Hz, 0.4 Hz, walking pattern). 
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Figure 13. Driving capacity as frequency changes: (a) magnitude variation in angle tracking; (b) phase variation in angle tracking. 






Figure 13. Driving capacity as frequency changes: (a) magnitude variation in angle tracking; (b) phase variation in angle tracking.



[image: Actuators 10 00009 g013]







[image: Table] 





Table 1. The parameter values of the polycentric structure.
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	Parameter
	Specification (mm)





	    l 1    
	32



	    l 2    
	22.54



	    l 3    
	32



	    l 4    
	22.54



	  D  
	17.1



	  P  
	5.44
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Table 2. Controller parameter at the frequency of each sinusoidal (  η =   learning rate).
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	Frequency
	PID Gain
	PIDNN Gain





	0.1 Hz
	    K p  = 20 ,      K i  = 0.001 ,      K d  = 0.1   
	   K p  = 20 ,      K i  = 0.001 ,      K d  = 0.1  ,    η = 0.2  



	0.2 Hz
	    K p  = 40 ,      K i  = 0.001 ,      K d  = 0.1   
	   K p  = 40 ,      K i  = 0.001 ,      K d  = 0.1  ,    η = 0.2  



	0.4 Hz
	    K p  = 80 ,      K i  = 0.001 ,      K d  = 0.2   
	   K p  = 80 ,      K i  = 0.001 ,      K d  = 0.2  ,    η = 0.3  
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Table 3. Controller parameter in the walking pattern of 1 km/h (  η =   learning rate).
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	Walking

Pattern
	PID Gain
	PIDNN Gain





	1 km/h
	   K p  = 90 ,      K i  = 0.001  ,

     K d  = 0.2  
	   K p  = 90 ,    K i  = 0.001 ,    K d  = 0.2  ,

    η = 0.3  
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