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Abstract

:

Geriatric disorders, strokes, spinal cord injuries, trauma, and workplace injuries are all prominent causes of upper limb disability. A two-degrees-of-freedom (DoFs) end-effector type robot, iTbot (intelligent therapeutic robot) was designed to provide upper limb rehabilitation therapy. The non-linear control of iTbot utilizing modified sliding mode control (SMC) is presented in this paper. The chattering produced by a conventional SMC is undesirable for this type of robotic application because it damages the mechanical structure and causes discomfort to the robot user. In contrast to conventional SMC, our proposed method reduces chattering and provides excellent dynamic tracking performance, allowing rapid convergence of the system trajectory to its equilibrium point. The performance of the developed robot and controller was evaluated by tracking trajectories corresponding to conventional passive arm movement exercises, including several joints. According to the results of experiment, the iTbot demonstrated the ability to follow the desired trajectories effectively.






Keywords:


upper-limb rehabilitation; end-effector robot (iTbot); sliding mode control; reaching law; trajectory tracking












1. Introduction


Globally, approximately 15 million individuals suffer from neurological diseases, such as strokes. This total comprises one-third fatalities and about an equal number of patients who spend the rest of their lives with irreversible disability [1]. In the USA, approximately 750,000 persons are affected by stroke [2], leaving most survivors with varying degrees of motor dysfunction [3]. Stroke is the third most significant cause of disabilities globally [4]. Approximately 85 % of stroke survivors who suffer from hemiparesis live with acute arm impairment [5]. As a result, 60% of individuals with upper limb hemiparesis experience long-term functional limitations, which reduces their quality of life [6,7]. This poor life quality includes losing the ability to work and failing to self-care. These consequences have a significant social and economic impact on the families of those affected and society [8,9]. The recovery of function of the upper limb can play a significant role in reinstating quality of life. Robots are able to assist in recovery from upper and lower limb dysfunction arising from neurological disorders, as reported in several recent studies [10,11,12,13].



Traditional rehabilitation focuses on rehabilitative exercises, in which the patient performs a series of bodily motions under the guidance of a trained therapist. A number of researchers have set their sights on developing medical rehabilitation devices [14]. Robot-aided rehabilitation provides high-intensity therapy and decreases the workload of medical staff, unlike traditional rehabilitative treatment. Additionally, this modern therapy can facilitate the quantitative recording of data related to the recovery progress. Robots can provide passive, active, and active-assistive therapies for impaired limbs [15,16].



In general, upper limb robotic devices are subdivided into two types: end-effector type and exoskeleton type robots [17]. Exoskeleton robots are designed to be worn on human limbs [18,19,20]. The design of this type of robot mimics human anatomical joints and the length of limb segments. Due to the multiple “bundling” of the exoskeleton robot and the upper limbs, the patient cannot detach from the robot quickly if unexpected danger occurs [21]. Many exoskeleton robots can provide rehabilitation therapy for full arm motion and rehabilitation therapy in passive and active modes and provide endpoint-based therapy [22,23,24,25]. However, these exoskeleton robots are frequently costly, cumbersome, structurally complicated, and lack mobility. In contrast, end-effector type rehabilitation robots are designed to attach to users at a single point, usually at the wrist or forearm. The primary advantage of end-effector type devices over exoskeletons is their simplicity in design and manufacture. End-effector robots are more compact and lightweight than other robots, and they are easier to build. Furthermore, because of the single-point interaction between the two entities, end-effector type devices are the most prevalent type of assistive device [26,27,28]. An end-effector-type robot is easy to install in a patient’s home because of its simple structure and presents a low risk.



The control techniques used for therapeutic devices directly impact the success of robotic rehabilitation training. Patients with acute hemiplegia can benefit from a patient-passive training program, which requires the afflicted limb to reach a specified trajectory while passively executing repetitive movements [29]. The rehabilitation training system is more complicated than traditional manipulators due to the robot’s highly non-linear dynamics, unknown external disturbances, and the viscoelastic features of biological joints [30]. In order to improve position control during repetitive reach training, rehabilitation robots have been designed that use a variety of control methods, such as adaptive control [31], flatness-based control [32], EMG-based control [33], admittance control [34], fuzzy and backstepping control [35]. Sliding mode control (SMC) is an effective technique for controlling robotic systems with unknown dynamics and constrained disturbances [36]. Theoretically, SMC’s robustness guarantees optimal tracking performance regardless of parameter or model uncertainty [37]. Furthermore, SMC has a simple construction, strong transient performance, and rapid response. As a result, we evaluate SMC as a viable option for providing reliable, high-quality tracking in dynamic environments. The control input that carries the switching function signum (sign(.)) is the primary source of issues in conventional SMC [38]. In real-time implementation, this function’s switching results in undesired chattering due to the control effort. Therefore, the system’s performance degrades, and unmodeled high-frequency dynamics may be triggered. Islam et al. [39] proposed a unique upper limb exoskeleton with sliding mode fractional control (FSMC), due to its excellent tracking performance and durability against external disturbances. Using this method, the suggested controller’s settling time and maximum pitch angle control were enhanced. Furthermore, in comparison to traditional SMC, tracking and chatter were found to be enhanced. Babaiasl et al. [40] introduced SMC to a three DoFs exoskeleton for shoulder joint rehabilitation, using a genetic algorithm to modify the SMC parameters. They found that SMC performed well in this non-linear control process and that uncertainties and disturbances (such as patients’ hand tremors) were effectively rejected. Rahman et al. [29] developed a rehabilitative exoskeleton for the lateral side of the upper limb with non-linear SMC to aid in rehabilitation and improve upper-limb movement. In the device developed, they combined the concept of a saturation (sat) function [41] with an ERL [42] to implement trajectory tracking. The authors utilized a non-linear SMC approach to move the ETS-MARSE so that it could deliver a variety of passive rehabilitation activities, including single-joint movement exercises and workouts involving the movement of multiple joints. This enabled the controller to regulate the exoskeleton’s movement, allowing it to conduct passive rehabilitation treatment.



Therefore, the goal of the present investigation was to develop a novel sliding mode controller (SMC) reaching law capable of quickly converging a system trajectory to an equilibrium point. In the proposed approach, fast convergence does not provoke any chattering as occurs with conventional sliding mode controllers. The proposed approach utilizes adjustable parameters so that the control law applied significantly reduces the unwanted chattering phenomenon. Furthermore, the designed approach can provide a faster convergence time than the exponential reaching law, which is among the best solutions to avoid chattering problems and produce a fast convergence time.



The remainder of the article is organized as follows. Section 2 provides an overview of the iTbot. In Section 3, the iTbot’s kinematics and dynamics are discussed. Section 4 presents the control design and stability analysis. The experimental findings and a comparative study assessment are reported in Section 5. Finally, Section 6 presents the conclusions and suggestions for future work.




2. Overview of the iTbot


The iTbot was developed based on the human reachable workspace to provide therapy covering the full range of the workspace. Figure 1, depicts the structural design of the iTbot, which was designed to be a minimally feasible solution for a functional robot-aided rehabilitation treatment system.



The body of the iTbot is made up of the base, as well as two linkages (Link-1 and Link-2). The robot’s base contains two fabricated aluminum parts, one being the bottom base of the robot, and the other a mounting for the Motor-1 (Joint-1) hardware shown in Figure 1. The base is designed as a heavy aluminum block to provide stability during the robot’s operation during experiments. It also carries a plastic bumper with rubber stoppers to stop the robot at the limit of its range of motion. The Joint-1 (Motor-1) consists of a harmonic drive gear reducer mounted directly on the top base part, with the motor mounted on its back with a custom-designed motor adapter. Link-1, which consists of an aluminum portion with a gear reducer mounted directly to it, is directly connected to the harmonic drive gear reduction unit’s output. In the Link-2 assembly, the fabricated aluminum part contains the second half of the Motor-2 wire spool holder. The Joint-2 (Motor-2) is composed of two links (Link-1 and Link-2). There is an end-effector at the end of the connection, which holds the force sensor and the handle. The handle is custom-designed to match the user’s hand profile; in our prototype, the average size of the two adult male laboratory members who participated in the development of the iTbot. The handle has a base part, 3D-printed in polycarbonate plastic, that mounts on the force sensor. An inner tube with mounting features for two bearings on both ends is used—this tube screws into the base part.



Specification of the iTbot


The completed CAD model was created by assigning materials to each component in SolidWorks software. The developed iTbot’s parameters are listed in Table 1 below.



In the X-axis configuration, the iTbot can provide a 1.1 m range of motion. It can achieve the design goal of supporting human upper limb motion [43] in the desired workspace [44,45] fitting any patients with a height from 1.21 m to 1.82 m for the horizontal and vertical configurations shown in Figure 2. In the shaded region from Figure 2, a human arm is covered from 0.5 m to 0.66 m. However, the iTbot symmetric design with asymmetric joint range of motion makes it proficient for ambidextrous use. The base design allows both positionings either in horizontal or vertical orientation.





3. Description of Kinematics and Dynamics of iTbot


3.1. Kinematics of the iTbot


As shown in Figure 3, only the two joint angles move during the rehabilitation training; therefore, the iTbot’s forward kinematics analysis and updated Denavit–Hartenberg (DH) [46] parameters are utilized. The iTbot’s kinematic model was created using modified DH notations. Each robot connection has a coordinate frame (link frame) connected to it that describes its location in relation to its neighbors. Figure 3 depicts the system’s serial link-frame end-effector-type robot attachments.



To calculate the DH parameters, we consider the co-ordinate frames (i.e., link frames that map one axis of rotation to another). This means that Frame 1 is Joint 1, Frame 2 is Joint-2, and Frame 3 is the end-effector position of the iTbot. The fixed reference frame 0 is considered to match with the initial reference frame at the base frame (world frame). Table 2 summarizes the updated DH parameters related to the location of the link frames (in Figure 3). Integrating the DH parameters yields the homogeneous transfer matrix, which defines the positions and orientations of the reference frame regarding the fixed reference frame.



Where   α  i − 1    is the link twist,   a  i − 1    corresponds to link length,   d i   denotes the link offset, and   θ i   is the joint angle of the iTbot.




3.2. Dynamics of the iTbot


The dynamics of the iTbot were analyzed (in Figure 4) in order to imitate joint motions in experiments utilizing non-linear control. The motion of bodies under the influence of external forces was calculated using dynamics. A dynamic model for the iTbot was created using the iterative Newton–Euler approach [47].



The dynamic equation for the iTbot can be expressed by Equation (1)


  τ = M  θ   θ ¨  + V  θ ,  θ ˙   + G  θ  + F  θ ,  θ ˙    



(1)




where  θ   ∈  ℜ 2    denotes a two-vector of generalized coordinates.   M ( θ )    ∈  ℜ  2 x 2    ,   V  θ ,  θ ˙      ∈  ℜ  2 x 1    ,   G ( θ )    ∈  ℜ  2 x 1    , are, respectively, the symmetric, bounded, inertia matrix, the Coriolis and centrifugal torques, and the gravitational torque.  τ   ∈  ℜ 2    is the torque input vector and   F  θ ,  θ ˙      ∈  ℜ 2    represents the external disturbances. Further details are provided in Appendix A.





4. Control Design and Stability Analysis


Introducing   x = θ   and    x ˙  =  θ ˙   , the dynamic model expressed in Equation (1) can be rewritten in the form of Equation (2) as follows:


      x ¨  = f  ( x ,  x ˙  )  + g  ( x )  u     



(2)




with:




	
  u = τ  



	
  g  ( x )  = g =  M  − 1    θ   



	
  f  ( x ,  x ˙  )  = f =  M  − 1    θ   − C  θ ,  θ ˙    θ ˙  − G  θ  − F  θ ,  θ ˙     








The tracking position error can be given by:   e = x −  x d   , where    x d  ∈  ℜ n    is the reference trajectory and x is the actual position.



The first step in conceiving an SMC approach is to choose the switching surface  ν  as follows:


     ν =  e ˙  + λ e     



(3)




where   λ ∈  ℜ  n × n   > 0  . Note that  λ  plays a decisive role in the convergence rate of the error tracking to zero.



Consider the Lyapunov function:   V  ( ν )  =   1 2    ν T  ν  , with its time derivative:


      V ˙  =  ν T   ν ˙      



(4)







The criterion for stability is therefore:    V ˙  < 0  . This requires    ν ˙  < 0   for   ν > 0   and    ν ˙  > 0   for   ν < 0  , which gives rise to the commonly known control law switching phenomenon around   ν = 0  . Based on (Equation (3)) and its derivative, the following control input is proposed:


     u =  g  − 1      x ¨  d  − λ  e ˙  − f +  ν ˙       



(5)







Note that, from (Equation (5)), the control input is substantially based on   ν ˙  , which in turn defines the rate of  ν . So, if    ν ˙  ≪ 0   for   ν > 0   (with the opposite being too correct), the dynamics’ pushed trajectory converges to   ν = 0  . Therefore,   ν ˙   is usually referred to as the ”reaching” law. When the trajectory of the system is in the vicinity of   ν = 0  , with    V ˙  < 0  ,    ν ˙  < 0   determines precisely how close the system is to the sliding surface   ν = 0  . Therefore, a ”switching” phenomenon arises in order to maintain the condition:   ν  ν ˙  < 0  .



To cope with the high gain value of SMC and to produce rapid and high tracking performance, a kind of adaptive reaching known as the exponential reaching law (ERL) was proposed. This approach is considered to be an effective approach to overcome this issue.



The ERL technique solves the problem associated with the high gain of the SMC reaching law by allowing the controller to dynamically respond to variations in the switching function. This method allows the SMC control gain to be readily varied between an appropriate amount of control gain that does not cause chattering   K  1 i    and    K  1 i   /  ϕ i    where    ϕ i  < 1   (for definition of variables see Equation (6) below). As a result, the ERL approach can guarantee the convergence rate in the period indicated by Equation (7). The fundamental issue with this strategy is that it cannot prevent chattering at the start of motions, which reduces the accuracy of the control performance. The suggested controller was created to overcome this issue, while maintaining the high converge time lower than the ERL. The designed reaching law is defined as follows:


       ν ˙  i  = −    K  1 i     ϕ i  +  1 −  ϕ i    e   −  α i      ν i    p i          |  ν i  |  φ  s i g n  (  ν i  )        −  ω i      K  1 i    1 − φ    ϕ i    s i g n  (  ν i  )      



(6)




where    ϕ i  > 0  ,    α i  > 0   and    p i  > 0   with    ϕ i  < 1   and   0 < φ < 0.5  .   ω i   is defined by    lim  t → ∞    (  ω i  )  = 0   and    ∫  0  t   ω i   ( w )  d w =  Q i  < ∞  , where    ω i  = 1 /  ( 1 +  t i 2  )    and   t i   is the execution time of the reference trajectory. The second term of the control law, Equation (6) is designed to preserve its robustness around the beginning of the executing trajectory. Note that, as time goes on, this term would disappear based on the definition of   ω i  .



Note that, the term  φ  is commonly defined as a high value in the classical power rate law to guarantee fast convergence to the origin while causing unwanted chattering. In the designed law, a restriction on  φ  was imposed:   0 < φ < 0.5  . This would guarantee not only fast convergence, but also reduced chattering.



Proposition 1.

For    K  1 i   > 0  , and in conformity with the selection of φ determined in advance, the proposed reaching law (Equation (6)) consistently provides faster convergence to the origin than ERL [42] and ensures stability of the closed loop dynamical system Equation (2).





Proof. 

The ERL’s reaching time is provided in [42]:


     T  r  1 i   =   1  K i      ϕ i    ν i   ( 0 )   +  1 −  ϕ i    ∫  0    ν i   ( 0 )     e   −  α i      ν i    p i     d  ν i       



(7)







To obtain the reaching time (  T  r  2 i    ) of the designed reaching law (6), it is initially rewritten as:


     d  t i  =      ϕ i  +  1 −  ϕ i    e   −  α i      ν i    p i      d  ν i    −  K  1 i     |  ν i  |  φ  s i g n  (  ν i  )                                   +     ϕ i  d  ν i    −  ω i   K  1 i    1 − φ  s i g n  (  ν i  )     .     



(8)







Integrating (Equation (8)) from zero to   T  r  2 i    , with    ν i   ( T  r  2 i   = 0 )   , gives:


     T  r  2 i   =  ∫   ν i   ( 0 )   0       ϕ i  +  1 −  ϕ i    e   −  α i      ν i    p i      d  ν i    −  K  1 i     |  ν i  |  φ  s i g n  (  ν i  )                               +  ∫   ν i   ( 0 )   0      ϕ i  d  ν i    −  ω i   K  1 i    1 − φ  s i g n  (  ν i  )     .       =  ∫  0    ν i   ( 0 )         ϕ i  +  1 −  ϕ i    e   −  α i      ν i    p i      d  ν i     K  1 i     |  ν i  |  φ  s i g n  (  ν i  )           +  ∫  0    ν i   ( 0 )        ϕ i  d  ν i     ω i   K  1 i    1 − φ  s i g n  (  ν i  )     .     



(9)




if    ν i  < 0   for all   t i < T  r  2 i    , so:


     T  r  2 i   =  ∫  0   −  ν i   ( 0 )         ϕ i  +  1 −  ϕ i    e   −  α i      ν i    p i      d  ν i     K  1 i     |  ν i  |  φ           +  ∫  0   −  ν i   ( 0 )        ϕ i  d  ν i     ω i   K  1 i    1 − φ     .     



(10)







Else, if    ν i  > 0   for all   t i < T  r  2 i    , gives:


     T  r  2 i   =  ∫  0    ν i   ( 0 )         ϕ i  +  1 −  ϕ i    e   −  α i      ν i    p i      d  ν i     K  1 i     |  ν i  |  φ           +  ∫  0    ν i   ( 0 )        ϕ i  d  ν i     ω i   K  1 i    1 − φ     .     



(11)







Based on Equations (10) and (11):


     T  r  2 i   =  ∫  0    |   ν i    ( 0 )  |        ϕ i  d  ν i     K  1 i     |  ν i  |  φ     +  ∫  0    |   ν i    ( 0 )  |        1 −  ϕ i    e   − α     ν i    p i     d  ν i     K  1 i     |  ν i  |  φ           +  ∫  0    |   ν i    ( 0 )  |        ϕ i  d  ν i     ω i   K  1 i    1 − φ     .     



(12)







Then:


     T  r  2 i   =   1  K  1 i      (   ϕ i      |   ν i     ( 0 )  |   ( 1 − φ )     ( 1 − φ )    +     ϕ i   |  ν i   ( 0 )  |     ω i   1 − φ           +  ( 1 −  ϕ i  )   ∫  0    |   ν i    ( 0 )  |     e   −  α i      ν i    p i      |   ν i    |  − φ   d  ν i  )  .     



(13)







In [42], the authors applied the properties of Euler’s gamma function ( φ ) to demonstrate that the reaching time   T  r  1 i     fulfils the next conditions:


     T  r  1 i   ≤    ϕ i   K  1 i      |  ν i   ( 0 )  |  +    ( 1 −  ϕ i  )    K  1 i    α  i   1 /  p i       .     



(14)




By adopting similar properties of Euler’s gamma function for the designed reaching law, the last term of (Equation (13)) can be rewritten in terms of the  φ  function as:


      ∫  0    |   ν i    ( 0 )  |     e   −  α i      ν i    p i       |  ν i  |   − φ   d  ν i  =                                                 α  i   φ /  p i        φ −      φ − 1   p i     − φ    −      φ − 1   p i     ,  α i    |  ν i   ( 0 )  |   p i       p i   α  i   1 /  p i       .     



(15)







According to the properties of the  φ  function:


     φ    −      φ − 1   p i     ,  α i    |  ν i   ( 0 )  |   p i    ≪  φ −      φ − 1   p i     .     



(16)







Thus, it is valid to suppose that:   φ    −      φ − 1   p i     ,  α i    |  ν i   ( 0 )  |   p i    ≈ 0  , and, hence:


      ∫  0    |   ν i    ( 0 )  |     e   −  α i      ν i    p i       |  ν i  |   − φ   d  ν i  =  α  i   φ /  p i        φ −      φ − 1   p i        p i   α  i   1 /  p i       .     



(17)




substituting Equation (17) into Equation (13), it is established that the reaching time achieves the following condition:


     T  r  2 i   ≤    ϕ i   K  1 i          |   ν i     ( 0 )  |   ( 1 − φ )   +  ω i   |  ν i   ( 0 )  |    ( 1 − φ )                         +     1 −  ϕ i    K  1 i          φ −      φ − 1   p i        p i   α  i      1 − φ   p i                           



(18)







To show that the designed reaching law presents a reaching time shorter than that given by ERL [42], it is important to rewrite the reaching time of the designed law as:


     T  r  2 d i   =    ϕ i   K  1 i          |   ν i     ( 0 )  |   ( 1 − φ )   +  ω i   |  ν i   ( 0 )  |    ( 1 − φ )           +     1 −  ϕ i    K  1 i          φ −      φ − 1   p i        p i   α  i      1 − φ   p i         .     



(19)







Thus, the reaching time   T  r  2 i     should be lower than the desired reaching time   T  r  2 d i     for each value of  α  as:


      α i  ≫       ( 1 −  ϕ i  )   φ −      φ − 1   p i      ( 1 − φ )     ϕ i    |   ν i     ( 0 )  |   ( 1 − φ )   +  ω i   |  ν i   ( 0 )  |          p i   1 − φ     .     



(20)







Therefore, the desired reaching law can be re-estimated as:


     T  r  2 d i   ≈    ϕ i   K  1 i          |   ν i     ( 0 )  |   ( 1 − φ )   +  ω i   |  ν i   ( 0 )  |    ( 1 − φ )     .     



(21)







In addition, the gain   K  1 i    should fulfil:


      K  1 i   ≈    ϕ i   T  r  2 d i           |   ν i     ( 0 )  |   ( 1 − φ )   +  ω i   |  ν i   ( 0 )  |    ( 1 − φ )     .     



(22)







If both condition Equations (20) and (22) are fulfilled, it can then be guaranteed that   T  r  2 i   < T  r  2 d i    . Since the suggested reaching law will be against the ERL [42], it would be advantageous to indicate the desired reaching law, along with the tuning gain, provided by the ERL proposition:


     T  r  1 d i   ≈  ϕ i      ν i   ( 0 )    K  1 i         



(23)






      K  1 i   ≈  ϕ i      ν i   ( 0 )    T  r  1 d i          



(24)







Subtracting (21) from (23) gives:


     T  r  1 d i   − T  r  2 d i       ≈  ϕ i      ν i   ( 0 )    K  1 i     −    ϕ i   K  1 i          |   ν i     ( 0 )  |   ( 1 − φ )   +  ω i   |  ν i   ( 0 )  |    ( 1 − φ )              ≈    ϕ i   K  1 i       ν i   ( 0 )    1 −      |   ν i     ( 0 )  |   − φ   +  ω i    ( 1 − φ )          



(25)







Since    ϕ i  > 0   and    K  1 i   > 0  , it is then obvious that      ϕ i   K  1 i       ν i   ( 0 )     is always positive.



It is important to demonstrate that the second term of (Equation (25)) is always positive. According to the definition of   ω i   in (Equation (6)), as   t ⟶ ∞  , the term    ω i  ⟶ 0  . In this case, to prove that the second term of (Equation (25)) is always positive, the next should hold:


       1   |   ν i     ( 0 )  |  φ   ( 1 − φ )     < 1     



(26)




which means that the next must hold:


      |   ν i     ( 0 )  | >  ( 1 − φ )    − 1 / φ       



(27)







Therefore,


      1 −   1   |   ν i     ( 0 )  |  φ   ( 1 − φ )      > 0 , ∀  |  ν i   ( 0 )  |  >   ( 1 − φ )   − 1 / φ       



(28)







Then, (Equation (25)) can be rewritten as:


     T  r  1 d i   − T  r  2 d i   ≈    ϕ i   K  1 i       ν i   ( 0 )    1 −      |   ν i     ( 0 )  |   − φ     ( 1 − φ )      > 0 ,        ∀ |   ν i     ( 0 )  | >  ( 1 − φ )    − 1 / φ       



(29)







Note that, according to Equations (18) and (19),   T  r  2 i   ≤ T  r  2 d i    . Moreover, based on [42],   T  r  1 i   ≤ T  r  1 d i    . Therefore, according to the condition provided by (Equation (29)), the next can be rewritten:


     T  r  1 i   − T  r  2 i   > 0 , ∀  |  ν i   ( 0 )  |  >   ( 1 − φ )   − 1 / φ       



(30)







Thus, based on the value of  φ , the reaching time of the designed law is shorter than that given by the ERL. So, the proof is finished. □






5. Experimental and Comparative Study Evaluation


5.1. Real-Time System Setup


Figure 5 depicts the experimental configuration of the iTbot architecture. Three levels of computing units comprise the rehabilitation robot instrumentation system. To communicate with the rehabilitation robot, a user interface (UI) runs on a personal computer (PC). The UI is used to send control and operation commands to the rehabilitation robot, as well as to visualize the live data for joint positioning and force the sensor inputs. The second level of computing is performed in a National Instruments CompactRIO, running as a RealTime target. LabVIEW RealTime applications running in the RealTime target perform the computational tasks of trajectory generation, position control, and feedback processing using the programmed algorithms. The RealTime applications also collect and store data during robot operation and send the data to the UI application on the PC to be saved for analysis. The third level of computing is performed in the field programmable gate array (FPGA) built into the CompactRIO, which runs at 50  μ s to run a PI control algorithm to control the motor current and to process hall-sensor signals from the motors to calculate the joint position. The joints of the iTbot rehabilitation robot are powered by Brushless DC (BLDC) motors (Maxon EC-45 Flat, 70 and 30-watt variants) with Harmonic Drive strain wave reducers that provide a 100:1 gear ratio. The motors are driven by ZB12A brushless servo amplifiers. The motor’s built-in hall-sensors are used for both commutations by the servo amplifiers and for position feedback by the FPGA system.




5.2. Experimental Results


To assess the proposed new sliding mode exponential reaching law (nSMERL), our developed iTbot was deployed to provide passive arm movement exercises to a healthy human subject. Passive arm movement therapy is the first form of physiotherapy treatment that patients receive, aiming to improve their passive range of motion. The proposed nSMERL controller was compared to a SMERL [48] and conventional SMC [38]. Multi-joint movement (desired trajectory) was performed in this experiment, using all of the robot’s joints. The purpose of this test was to demonstrate the proposed nSMERL controller’s performance during passive rehabilitation exercises. The proposed nSMERL technique was used to monitor the required motion in the first scenario. In the second scenario, which employed the same individual (age: 28 years; height: 5ft 4 in; Weight: 125 lbs.) and same exercise, the precise target trajectory was tracked using SMERL and a conventional sliding mode controller, which was used to monitor the first. The goal was to demonstrate how the nSMERL controller differed from existing controllers. The individual was seated on a chair that had been adjusted to their comfort level. The controller gain parameters were manually selected by trial and error, as shown in Table 3.



The elimination of chattering is the major improvement achieved by the proposed nSMERL. Chattering causes high-frequency vibration to the mechanical structure, which might cause harm to the participants involved; therefore, it has to be mitigated or eradicated. We carried out a multi-joint rehabilitation exercise to evaluate the efficacy of the proposed nSMERL in reducing chattering. The desired trajectories (reference trajectories, dotted line) were compared to the measured trajectories (solid line) and the tracking error, as shown in Figure 6 and Figure 7. Figure 8 show the joint angles for three controllers. Error, or the difference between the desired and actual trajectories, is shown as a function of time in Figure 9 for both controllers. Figure 10 displays a plot of the joint torques that were created to follow the trajectory; the result demonstrates that the method provided more stable tracking and less chattering than the conventional SMC method. The error plots also show that the proposed SMC outperformed the conventional SMC in terms of tracking accuracy. For example, we sought to keep the higher tracking errors below two degrees for the three controllers.



Figure 11 displays force graphs which show that the additional weight (1lb) applied to participants’ hands caused maximum resistive forces of approximately Fx = 14 N and Fy = 10 N. The extra weight cannot precisely simulate spasticity, but it was sufficient to demonstrate that the controller was capable of withstanding patients’ spasticity. As a result, despite the fact that the robot’s dynamic model and external disturbances were linearized to a simple linear system, the end-effector robot (iTbot) performed satisfactorily under the proposed SMC controller, in comparison to conventional SMC, which retains the non-linear dynamic method in its control strategy. The proposed nSMERL controller continuously provided appropriate tracking with modest control input and less chattering. While the conventional SMC controller produced satisfactory results, its control input was significantly greater than that of the proposed controller (high chattering). These findings demonstrate that the proposed nSMERL controller improved the other sliding mode approach.





6. Conclusions and Future Work


Robot-assisted treatment has emerged as a valuable technique in the rehabilitation and reinforcement of motor skills in individuals suffering from neuromuscular ailments. An end-effector-type robot was presented to assist in the rehabilitation training of elbow flexion and extension motions. To evaluate the efficacy of the proposed method, multiple trajectory tracking experiments were carried out using a real-time control system. The proposed control law demonstrated its potential to both overcome and improve the performance of SMERL. To evaluate the efficacy of the proposed nSMERL, multiple trajectory tracking experiments were carried out using a real-time control system. The proposed nSMERL, a novel non-linear control approach, enhanced transient tracking performance and decreased chattering in SMERL and conventional SMC. Experiments were conducted to evaluate the dynamic tracking performance of SMERL and conventional SMC with the proposed nSMERL. It was shown that the proposed nSMERL could reduce chattering and provide superior tracking performance. A Kinect sensor will be used in future research to detect the motions of the human arm. A further investigation into EMG signals is planned to achieve more advanced rehabilitation and assistive control.
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Appendix A


Appendix A.1. Kinematics of the iTbot


The general form of a link transformation that relates the frame i relative to the frame   i − 1   [49] is:


    i  i − 1   T =                  i  i − 1   R   3 × 3            i  i − 1   P   3 × 1                 0  1 × 3        1      



(A1)




where,      i   i − 1   R   is the rotation matrix that represents the frame i relative to frame i-1 and can be articulated as follows:


    i  i − 1   R =      cos  θ i      − sin  θ i     0      sin  θ i  cos  α  i − 1       cos   θ i  cos  α  i − 1        − sin  α  i − 1         sin  θ i  sin  α  i − 1       cos  θ i  sin  α  i − 1       cos  α  i − 1         



(A2)




and      i   i − 1   P   is the vector that locates the origin of the frame i relative to frame   i − 1   and can be expressed as the following:


    i  i − 1   P =       α  i − 1      − sin   α  i − 1     d i      cos   α  i − 1     d i       T   



(A3)







The homogenous transformation matrix that relates frame 3 to frame 0 can be obtained by multiplying individual transformation matrices that result in the generic form (A4).


    3 0  T =    1 0  T ·   2 1  T ·   3 2  T   



(A4)








Appendix A.2. Dynamics of the iTbot


Then, the joint torques of the iTbot for vertical configuration with active gravity compensation, based on the nomenclature provided in Figure 4, can be found by the iterative Newton–Euler formulation as:


      τ 1  =   m 2   l 1 2  − 2  m 2   l 1   l  c 2   cos   θ 2   +  m 1   l  c 1  2  +  m 2   l  c 2  2  +  I  z 1   +  I  z 2      θ ¨  1                                             +   m 2   l  c 2  2  −  m 2   l 1   l  c 2   cos   θ 2   +  I  z 2      θ ¨  2  +  m 2   l 1   l  c 2   sin   θ 2     θ ˙  2 2             + 2  m 2   l 1   l  c 2   sin  (  θ 2  )    θ ˙  1    θ ˙  2  +  (  m 2   l  c 2   sin   θ 1  +  θ 2   −  m 1   l  c 1   sin   θ 1   −  m 2   l 1  sin   θ 1   )      



(A5)






          τ 2  =   I  z 2   +  m 2   l  c 2    (  l  c 2   −  l 1  cos   θ 2   )     θ ¨  1                                                                        +   m 2   l  c 2  2  +  I  z 2      θ ¨  2  −  m 2   l 1   l  c 2   sin   θ 2     θ ˙  1 2  +   m 2   l  c 2   sin   θ 1  +  θ 2        



(A6)




where   m 1  ,   m 2   is the mass of Link 1 and Link 2;   l  c 1    is the distance relative to 1 and center of mass (Link 1),   l  c 1    is the distance relative to 2 and center of mass (Link 2);   l 1  ,   l 2   is the length of Link 1 and Link 2;   I  z 1   ,   I  z 2    is the inertia tensor;    τ 1  ,  τ 2    is the inertia of Joint 1 and Joint 2.



Equations (A5) and (A6) give expressions for the torque at the actuators as a function of joint position, velocity, and acceleration. The dynamic Equation of iTbot can be written in the form given by Equation (A7):


  τ = M  θ   θ ¨  + V  θ ,  θ ˙   + G  θ   



(A7)




where and are the 2 × 1 torque and acceleration vector.   M ( θ )   is the 2 × 2 mass matrix given as:


  M  ( θ )  =      κ 1     κ 2        I  z 2   +  m 2   l  c 2    (  l  c 2   −  l 1  cos   θ 2   )       m 2   l  c 2  2  +  I  z 2         



(A8)




where   κ 1   and   κ 2   are as follows



    κ 1  =  m 2   l 1 2  − 2  m 2   l 1   l  c 2   cos   θ 2   +  m 1   l  c 1  2  +  m 2   l  c 2  2  +  I  z 1   +  I  z 2     



    κ 2  =  m 2   l  c 2  2  −  m 2   l 1   l  c 2   cos   θ 2   +  I  z 2     



  V  θ ,  θ ˙     is a 2 × 1 vector of centrifugal and Coriolis terms given as:


  V  θ ,  θ ˙   =       m 2   l 1   l  c 2   sin   θ 2     θ ˙  2 2  ⋯       ⋯ + 2  m 2   l 1   l  c 2   sin  (  θ 2  )    θ ˙  1    θ ˙  2        −  m 2   l 1   l  c 2   sin   θ 2     θ ˙  1 2        



(A9)







  G ( θ )   is a 2 × 1 vector of gravity terms given as:


  G  θ  =      (  m 2   l  c 2   sin   θ 1  +  θ 2   −  m 1   l  c 1   sin   θ 1   ⋯       ⋯ −  m 2   l 1  sin   θ 1    ) g          m 2   l  c 2   sin   θ 1  +  θ 2    g       



(A10)







If   F  θ ,  θ ˙      ∈  ℜ 2    is the vector of non-linear Coulomb friction and expressed by Equation (A12).


  F  θ ,  θ ˙   = c . s g n   θ ˙   .  



(A11)







Then, when friction is added to the model, Equation (A7) becomes Equation (A12):


  τ = M  θ   θ ¨  + V  θ ,  θ ˙   + G  θ  + F  θ ,  θ ˙    



(A12)
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Figure 1. Mechanical design of the iTbot. 
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Figure 2. Workspace of the upper limb for (a) vertical and (b) horizontal configuration. 
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Figure 3. Coordinate frame assignment for 2DoF iTbot. 
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Figure 4. iTbot nomenclature for dynamic modeling with contact force at the end-effector. 
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Figure 5. Experimental setup with iTbot architecture. 
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Figure 6. (a) End-effector position under the proposed nSMERL, (b) End-effector tracking error under the proposed nSMERL. 
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Figure 7. (a) End-effector position under the SMERL and conventional SMC, (b) End-effector tracking error under the SMERL and conventional SMC. 
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Figure 8. Joint angle for the proposed nSMERL, SMERL, and conventional SMC. 






Figure 8. Joint angle for the proposed nSMERL, SMERL, and conventional SMC.



[image: Robotics 11 00098 g008]







[image: Robotics 11 00098 g009 550] 





Figure 9. Tracking of joint errors under the proposed nSMERL, SMERL, and conventional SMC. 
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Figure 10. Joint torque for the proposed nSMERL, SMERL, and conventional SMC. 
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Figure 11. Force (end-effector) data during experiments. 
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Table 1. Mechanical parameters of iTbot estimated from CAD model.
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Joint Parameters






	
Item

	
Joint-1

	
Joint-2




	
Joint range of motion (Degrees)

	
±85°

	
±180°




	
Link Parameters




	
Mass (Kg)

	
1.79

	
0.65




	
Location of the center of

gravity in link frame (m)

	
Center of gravity of link 1

in frame {1}

  X 1   = 0.26,

  Y 1   = 0.00,

  Z 1   = 0.00

	
Center of gravity of link 2

in frame {2}

  X 2   = 0.15,

  Y 2   = 0.00,

  Z 2   = 0.02




	
Robot Properties




	
Mass (Kg)

	
6.67 (3.2 without base)




	
Maximum horizontal reach (m)

	
±0.55




	
Maximum vertical reach (m)

	
+0.1 to +0.55
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Table 2. Modified Denavit–Hartenberg parameters.






Table 2. Modified Denavit–Hartenberg parameters.





	Joint (i)
	    α  i − 1     
	    d i    
	    a  i − 1     
	    θ i    





	1
	0
	0
	0
	    θ 1  +  π 2    



	2
	0
	0
	   l 1   
	    θ 2  + π   



	3
	0
	0
	   l 2   
	0
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Table 3. Gain parameters.
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	    λ i    
	    K i    
	    Φ i    
	    α i    
	    P i    
	   Φ   





	40
	2
	0.1
	2
	0.5
	0.25



	50
	0.8
	0.1
	2
	0.5
	0.25
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