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Abstract

            
               
The idea of robotic therapy has been considered as a possible rehabilitation strategy to facilitate recovery of the patients
                  with disability and it can represent an efficient treatment. Brain-computer interface (BCI) is known as an advanced technology
                  with great potential in therapeutic and assistive robots. This paper is presented to review the application of BCI in rehabilitation
                  robotic systems through the combination of BCI with electroencephalography (EEG) and functional electrical stimulation (FES).
                  For this purpose, the basic concept of each of BCI, EEG, and FES is introduced to give a general view of their function. In
                  addition, the application of EEG-BCI and FES-BCI systems in therapeutic and assistive treatments is showed by providing a
                  summary of different researches for each field. In the end, this document is terminated with a discussion about the arguments
                  behind the studied topics and the future directions of advances in robotic therapy.
               

            
         

         
            Keywords

            Robotic Therapy, Brain­Computer Interface, Electroencephalography, Functional Electrical Stimulation

         

         

      

      
         
               INTRODUCTION

            Stroke is a significant reason for acquired disability in the world, which can end with substantial neural damage or even
               death. It is a major reason for long-term disabilities and may lead to loss of movement, coordination, sensation, and difficulties
               with activities of daily living 1, 2, 3, 4. Strokes in the elderly people may reduce their mobility and lead them to fewer independent lives and poor quality of life;
               even though they normally have physical deterioration and weakness, which imposes a heavy responsibility on the social health
               care system 5, 6. Also, millions of people experience stroke worldwide each year, and many of these patients have to deal with some level
               of permanent hemiparesis resulting from the damage to neural tissues 7, 6. These stroke survivors and the elderly are beginning recognition of the importance of rehabilitation methods as a lifelong
               practice because they cannot do daily activities independently. However, traditional manual therapy methods mostly depend
               on the experience of the therapist and they often do not meet the requirements of high-intensity and repetitive training 8.
            

            Robotic therapy is an advanced technique of physical therapy, through which patients practice their paretic limb by resorting
               to or resisting the force offered by a robotic system to enable the implementation of highly repetitive, intensive, adaptive,
               and quantiﬁable physical training 9, 10, 11. The application of rehabilitation robots can release the doctors and therapists from heavy training tasks and also assess
               the patient’s functional performance by measuring kinetic movement parameters. Due to the benefits of its accuracy and reliability,
               rehabilitation robots can provide an eﬀective way to improve the result of stroke or postsurgical rehabilitation 12, 13. Noticeably, robotic therapy can modify motor functional recovery with improved movement completion time, more suitable employment
               of joint muscle groups, smoothness of motion, and improved inter-joint coordination of joints 14, 15. 
            

            The robotic therapy equipment can be designed for recovery in the lower limb and/or upper limb. Lower limb rehabilitation
               robots can be used as assistive devices to allow individuals with complete spinal cord injury to walk 16. These devices may include a mechanism for steps posture and weight alleviation controlling to assist patients in simulating
               healthy individual’s footsteps and practicing leg muscles 17. Also, upper limb rehabilitation robots consist of methods to rehabilitate the hand, wrist, elbow, and shoulder 18. Using these devices for sensorimotor training can improve motor control of the shoulder and elbow and upper limb functional
               outcomes 19, 20. Based on the mechanical structure rehabilitation robotic devices can be divided into end-effector and exoskeleton systems
               11, 21, 13. An end-effector device is often external to the body of patients, and it can generate the required force to the end of the
               user’s extremity to help or resist the motion 22. These systems ensure that the patient is restricted to the specified range of motions, by controlling the paths along which
               their joints can move and maneuver. Also, they can apply resistance to the patient in the same alignment as they are experiencing
               in a virtual reality simulation to provide accurate feedback data 23, 19. An exoskeleton device can be worn on the body of patients. The joint and links of the robot have a direct connection with
               the human joints and limbs, respectively 22. Also, the portability of the exoskeleton has made it a good choice for patients in the later period of stroke when they
               can practice and train themselves at home 24.
            

            This paper is presented to review the application of brain-computer interface (BCI) in the development of rehabilitation robotic
               systems. Accordingly, at first, a conceptual description of BCI is provided to be used in robotic therapy. Then, two methods,
               including electroencephalography and functional electrical stimulation, are introduced to review their basic functions. Also,
               a summary of examples of some related research studies in therapeutic and assistive methods are represented. In the end, the
               arguments behind the mentioned fields are discussed and a possible configuration of future advanced technologies in robotic
               therapy is suggested.
            

         

         
               METHODS

            The advances in robotic technology had made it possible to form new rehabilitation systems, which can increase the efficiency
               and develop the range of application of therapeutic devices. "Brain-computer interface" is one of these technologies.
            

            
                  BRAIN-COMPUTER INTERFACE

               Brain-computer interface (BCI) is an advanced method that connects our natural brain with and an external device, providing
                  a new communication channel for brain signals to control external devices without using the natural neuromuscular routes.
                  BCIs are often directed at researching, mapping, assisting, augmenting, or repairing human cognitive or sensory-motor functions
                  25, 26. By detecting the brain's signals and interpreting them, BCI allows generating control commands for external devices. The
                  detection of the brain signals is performed either by the recording of its electrical activity or the related magnetic activity
                  27. A BCI-based system contains at least four main steps: (1) extracting signals from the nervous system, (2) decoding the signals
                  to predict user intent, (3) generating an output to aﬀect the subject’s environment, and (4) providing a feedback system to
                  help the user reﬁne the output 26. Figure  1  shows how BCI operates in a system and its input and output signals.
               

               
                     
                     Figure 1

                     The functionof BCI in a system
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               The beneﬁt of BCI is the independence from any remaining muscular functions, which means that muscle fatigue is irrelevant.
                  So, it can be used to restore lost or impaired functions of patients severely disabled by various devastating neuromuscular
                  disorders or patients with damaged nervous systems 27, 28. BCI can promote long-lasting recovery in the motor function of chronic stroke patients with severe myasthenia and represents
                  a promising strategy in severe stroke neuro-rehabilitation 29. Combined with BCI, the signal of the brain evoked by the individuals’ spontaneous motor imaginary can be extracted and classiﬁed
                  to directly control the robot. With this collaboration, robotic therapy can discover an artiﬁcial pathway to replace the normal
                  motor pathway of humans 30. 
               

               BCIs have the potential to provide two key benefits to disabled users: an alternate means of communication, and the ability
                  to independently move around in and interact with their environment 25. The use of BCI in stroke rehabilitation can be divided into two main approaches: a monitoring mechanism, with recorded brain
                  signals serving as feedback data for concentration levels of the therapeutic practice; and a control framework in which an
                  artificial actuator is driven at demand 31. 
               

            

            
                  ELECTROENCEPHALOGRAPHY

               Non-invasive BCIs relate to methods that extract brain signals without surgical procedures. The experimental setup ranges
                  from large and relatively expensive options, like magneto-encephalography (MEG), to lightweight and inexpensive methods, like
                  electroencephalography (EEG). Due to its availability and ease of use, EEG is widely used in clinical stroke rehabilitation
                  25, 32. This method is performed by measuring the electric field on the patient's scalp through electrodes. The signal of the patient
                  is not enough to actuate the motion of the paretic limb, but it is strong enough for the data acquisition instruments to collect
                  27. EEG-based BCI operates by establishing a closed-loop neural interface. In other words, a BCI system uses raw functional
                  cortical activity generated by EEG and translates it into a classified device command 33, 34. Also, signal input is amplified and processed by a regression model that extracts particular amplitude changes or features
                  and accounts for signal noise 35, 36. With real-time processing, the reduced representation of brain activity is effectively translated into an output or feedback
                  modality, often one that allows the desired task to be performed more easily 37. Some features of EEG-based BCI systems are: 
               

               
                     
                     	
                        To monitor and control brain activity of patients to improve their neural representation

                     

                     	
                        To facilitate arm mobilization with higher motor gain for paralyzed arms and hands

                     

                     	
                        Movement intention decoding performance and motor recovery

                     

                     	
                        To engage the patients with tasks and acquire cortical signal of their imagination of a movement 

                     

                  

               

               By using EEG-based BCI, voluntary movement or motion attempt of the limb activates the primary sensorimotor section in the
                  brain, which is characterized by specific brain rhythms over the hemisphere contralateral to the limb in use 38. EEG signals can be controlled by BCI to aid the patient, either by bypassing a physical impairment in the ability to control
                  the limb or by highlighting engagement with a movement 39. In40, 41 , EEG was used as a data acquisition system to record activity during BCI-training to support tasks like preparation of movement,
                  reaching, grasping, and releasing. This method was also used to study the effect of BCI control of passive motion for stroke
                  patients while they were imagining a reach and grasp movement using the affected limb 42, 43. EEG-based BCI was used in 44 to estimate the quality of engagement of a patient with tasks by measuring the relationship between the brain and the muscle
                  signals. In 45, the effects of decoding performance on movement intention in a BCI system was studied by varying the cortical source of
                  activity and the EEG frequency band in stroke patients.
               

            

            
                  FUNCTIONAL ELECTRICAL STIMULATION

               Functional electrical stimulation (FES) is a subtype of neuromuscular electrical stimulation, which uses low-energy electrical
                  pulses to artificially generate body movements. It can be used to generate muscle contraction in paralyzed limbs to produce
                  functions such as grasping, walking, and standing 46. In FES, the electrode mainly operates as a conductor, sending electrical charge from a power supply over the tissue. When
                  this applied voltage between the active electrode and a second electrode generates an electric field, charge transfer occurs,
                  which as a result, forces electrical charge to flow (47 Ho et al., 2014). Then, this electrical current elicits a response in excitable cells including neurons. Cochlear implants
                  to restore hearing, phrenic pacemakers that aid respiration, cardiac pacemakers to ensure cardiac function, and deep brain
                  stimulation to control tremors due to Parkinson’s disease are examples of applications of electrical stimulation systems (48).
               

               Nowadays, FES-BCI systems are increasingly being explored as potential rehabilitation tools for improving the function of
                  partially impaired limbs (49 ). FES can use real-time feedback of BCI signal input to optionally administer feedback responses of treatment only when
                  the correct brain signals are discovered. Using FES in robotic therapy can lead to a better realization of the recovery of
                  limb function (50 ). Some features of FES-BCI systems are:
               

               
                     
                     	
                        To generate muscle contractions and subsequent limb movement

                     

                     	
                        To provide functional recovery and elicit motor recovery 

                     

                     	
                        To adjust the intensity of the electrical stimuli to achieve more precise movements

                     

                     	
                        To improve functional mobility and range of motion of ﬂexion and extension muscles exercises

                     

                  

               

               Neuro-rehabilitation methods employing FES to maneuver the paralyzed muscles can postpone or prevent many secondary medical
                  complications and modify functional independence by providing a means to exercise and practice physical obstacles 47. These methods can be used to improve functional mobility and range of movement of paretic stroke patients 51. FES-BCI training can be beneficial on shoulder reduction and active movements by facilitating motor recovery 52. In 53, the eﬀects of this method were examined on the range of motion and cortical modulation in stroke patients who performed
                  wrist ﬂexion and extension exercises. BCI–FES can provide high functional recovery in patients with a high degree of residual
                  mobility in arm and hand function and also elicit motor recovery in stroke patients 54. To perform daily living activities, BCI with a neural decoder can be used to produce coordinated reaching andgrasping movements
                  and FES to generate muscle contractions and subsequent limb movement 55. In 56, the ability of FES-BCI was examined in evoking greater wrist extension strength and controlling translation, orientation,
                  and hand shape of robotic limbs.
               

            

         

         
               DISCUSSION

            Robotic therapy is known as an efficient rehabilitation technology to facilitate the recovery and treatment of patients with
               disabilities. BCI is an advanced technology with great potential in rehabilitation robots that can control external devices
               using brain signals. Accordingly, as it was reviewed in this paper, it can be defined a control loop for rehabilitation robots
               including BCI, EEG, and FES. In this loop, EEG, as a non-invasive method, provides brain signals for BCI. Then, BCI processes
               the acquired signals and controls the robotic device. Also, FES can be used as a part of this device to facilitate the movements
               of the limb. In addition, there are some methods, like virtual reality and augmented reality, which can provide visual and
               auditory feedback signals to be used in this loop. It is estimated that by the collaboration of BCI, EEG, and FES with a rehabilitation
               robotic system, even the patients with more serious disabilities can benefit an effective treatment.
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