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Abstract

:

This paper proposes a new robotic rehabilitation training platform that is motivated by the requirement for adjusting the training strategy and intensity in a patient-specific manner. The platform is implemented for tele-rehabilitation and is comprised of a haptic device operated by therapists, a lightweight exoskeleton worn by patients and a visually shared model. Through the visually shared model, the motion of the therapist and patient are measured and mapped to the motion of the corresponding object. Thus, the force generated by the therapist can be transferred to the patient for delivering training, while real-time force feedback with high transparency can be provided to the therapist so they know the amount of force being applied to patients in real time. In particular, both assistive therapy in the early stages and resistive therapy in the later stages of stroke can be performed. The home-use exoskeleton device is specifically designed to be light-weight and compliant for safety. The patient-exoskeleton and therapist-haptic interaction performance is evaluated by observing the muscle activities and interaction force. Two volunteers were requested to imitate the process of the therapist-in-the-loop training to evaluate the proposed platform.
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1. Introduction


Activities of daily living can be impacted by many events such as new or recurrent strokes, which can impair the motor control of the upper limbs. Stroke has also become a leading cause of severe long-term disability and stroke patients are predicted to increase by 4 million by 2030 in the USA [1]. Compared with manual therapy, robot-aided therapy has been certified as more effective and suitable for rehabilitation without fatigue for long-time therapy [2]. Many rehabilitation systems have been developed for performing the training and can be generally divided into endpoint types [3,4] and exoskeleton types [5,6]. Between them, endpoint types are more straightforward to adjust to accommodate different patients and attach to the distal end of patients’ limbs and they do not suffer from joint alignment problems [7]. The drawback is that end-effector type rehabilitation robots have to constrain the redundancy of the patient’s arm and this restriction limits the training in hand and wrist function. Contrarily, although exoskeleton devices have more complicated system dynamics and mechanical structure, they can provide the training and obtain the feedback for each joint independently. Moreover, some devices use cable mechanisms to transmit the power of motors mounted on the backboard to the corresponding joints and these devices are compact, lightweight and comfortable for patients [8,9,10].



In addition, some research has also proved that robotic therapy could be less effective than conventional manual therapy in some situations [11]. Rehabilitation robots need to adjust the training strategy and intensity to the specific requirements and abilities of different individuals. Some adaptive methods have been proposed for specific training. For instance, Pehlivan et al. designed a minimal assist-as-needed (mAAN) controller, which uses a model-based sensorless force estimation method to determine subject capability and provide required minimal assist-as-needed rehabilitation [12]. Huq et al. designed the partially observable Markov decision process (POMDP), which allows an automated rehabilitation system to autonomously adjust different exercise parameters according to each individual’s needs [13]. Artificial intelligence (AI) methods such as artificial neural networks [14] have also been employed for improving the intelligence when performing active assistance to a user’s affected arm. However, although these adaptive methods can improve the performance of training, the experience and knowledge of a skilled therapist can still not be matched well due to the lack of flexibility in tuning the control parameters compared to conventional therapy. Therefore, patient-specific training involving therapists can be adjusted to the training strategy and assistive/resistive therapeutic force fields for different individuals can be applied by the therapists, according to their abundant experience [15,16]. For instance, Atashzar et al. proposed two new frameworks which are haptics-enabled teleoperated supervised training and electromyography-based indirect supervised training for tuning the strategy and intensity of training in a patient-specific manner [15].



Because of the inconvenience of regularly attending rehabilitation centers, home-based tele-rehabilitation systems are likely to become a trend. However, the absence of the supervision of a skilled therapist will become an issue. Some researchers have applied a motion capture device, like Kinect developed by the company of Microsoft, to assist with guidance, correction, management and assessment of patients’ movements [17,18,19,20,21,22,23]. Brokaw et al. proposed a system with Kinect and a haptic device which can simulate the pressure the therapist applies to training [24]. However, the force feedback is absent in the majority of tele-rehabilitation systems. In this study, a therapist-in-the-loop training platform is proposed for elbow joint motor function recovery. The platform is used together with our previously developed muscle strength assessment system [24,25]. The assessment system allows therapists to assess the status of patients and adjust the training parameters of various training devices. The contribution of this paper is that with the therapist-in-the-loop platform, human therapists are capable of appropriately adjusting the training strategy and amount of kinesthetic guidance over the work session. In particular, both the assistive and resistive force generated by the therapist can be transferred into a patient with an exoskeleton device for delivering training. The exoskeleton for patients is safe to use with a specially designed torque limiter mechanism [26]. In particular, the use of virtual reality (VR) technology can provide goal-directed tasks with rewards and motivate the patient to undertake extended rehabilitation. Through the visually shared model, the motion of the therapist and patient are measured and mapped to the corresponding object’s motion. The force generated by the therapist can be transmitted to the patient for delivering training with an exoskeleton device, while real-time force feedback can be provided to a therapist with a haptic device to know the amount of force being applied to the patient.



This paper is organized as follows. The background and related research are introduced in Section 1. In Section 2, the schematic of the implemented training platform and the visually shared model are introduced. In particular, the 2-port network model is introduced for transparency between the master and slave sides of the proposed platform. In Section 3, the models for patient-exoskeleton interaction and therapist-haptic device interaction are given. The experiments and results are given in Section 4 including patient-exoskeleton, therapist-haptic device interaction, and a therapist-in-the-loop test. Lastly, the conclusion and future works are discussed.




2. System Overview


2.1. Schematic of the Implemented Training Platform


The schematic diagram of the therapist-in-the-loop rehabilitation training system for elbow joint motor function recovery is shown in Figure 1. The platform is motivated by the current challenge regarding the need for tuning the strategy and intensity of robotic rehabilitation systems in a patient-specific manner. It also enables therapists to share their time with several patients. The platform is actually used together with the muscle strength tele-assessment platform, which can record the activation level of skeleton muscles with surface electromyogram (sEMG) at home and predict the muscle strength with a prediction function derived from a musculoskeletal model [27]. The hardware of the system consists of a haptic device (Phantom Premium 3.0, 3D Systems, Rock Hill, SC, USA) on the therapist’s side, an exoskeleton device on the patient’s side, and a specially designed visually shared training model. The visual training model is rendered with Open Graphics Library (OpenGL, Khronos Group, Beaverton, OR, USA). On the therapist’s side, the motion of the therapist is measured and mapped to the corresponding object in the training model. Previously, we designed a coordinative motion-based training system for bilateral rehabilitation with an exoskeleton and haptic devices [28]. Different from that, in this study, the system is designed for patient-specific training, and the motion and force between therapist and patient are transmitted with a visually shared model. The therapist cooperates with the patient to achieve a goal-oriented task. There are also two phases: the online training phase and the regeneration phase. In the online training phase, the training intensity and strategy can be recorded when a therapist delivers the training. During the regeneration phase, the academic therapeutic experience can be regenerated. Therapy strategies may be adjusted between assistance and resistance according to patients’ experience and adjustment. The therapists’ motion will be regenerated with the exoskeleton device. The intensity is correlated with the selection of control parameters (such as the stiffness of the practical guidance) considered for delivering therapy.




2.2. Visually Shared Training Model


The visually shared training model shown in Figure 2 was proposed for elbow joint rehabilitation based on the neuro-rehabilitation theory that states that the brain has the ability to reorganize through sensory input, experience and learning [29]. The visually shared environment provides patients with goal-oriented tasks that enable them to use their decision-making abilities. The coefficients of springs (KT and KP) and dampers (CT and CP) shown in Figure 2 can be selected according to the predetermined muscle strength assessment system [27]. In particular, increasing the stiffness and viscosity in the model can relatively reduce the position-dependent and velocity-dependent error between the motion of the therapist and the one allowed for the patient [16]. Also, the patient is allowed to make errors in tracking the target object while performing motor tasks, which has been proved to be an essential factor for motor learning [30].



Through the visually shared model, the motion of the therapist and patient are measured and mapped to the orange and purple objects which correspond to the movement of the therapist and the patient’s elbow movements. The position of the green object is a position resulting from the two sets of spring and damper. The red target object represents the desired position the patient needs to reach. This position will change after the green object reaches it. In particular, the force generated by the therapist can be transferred to the patient for delivering training, while real-time force feedback can be provided to the therapist so they know the amount of force being applied to patients through two sets of mass-spring-damper models as shown in Equations (1) and (2):


FT=kTθT+cTθ˙T



(1)






Fp=kpθp+cpθ˙p



(2)




where kT and kP represent the coefficient of elasticity on therapist and patient sides, respectively, cT and cp represent the viscosity coefficient on each side, θT and θp represent the change in the spring’s length, which is in accordance with the forearm flexion/extension angle of therapists and patients, and θ˙T and θ˙P represent the velocity of the spring’s deflection. The θT is calculated from the relative kinematics with the haptic device, and the θp is measured with an inertia sensor (MTx sensor, Xsens, Enschede, the Netherlands) mounted on the forearm [28]. Moreover, the additional merits of the proposed visually shared model for realizing and appropriately adjusting of training strategies and the amount of kinesthetic guidance provided over the session are summarized as follows: (1) when the patient needs assistance, the therapist can provide assisting force through the training model and the force can be generated by exoskeletons. It is also an assist-as-needed strategy, which was proven to be more effective. During the assistive training, the robot guides patients while assisting them towards the correct path; (2) during the supervision of the therapist, the therapist can also provide extra resistive force which is generated by exoskeletons with an impedance controller. In this case, the exoskeleton may dissipate parts of the energy generated by the patient to make the task more challenging; (3) the platform provides a high transparency with the model. Here, the master (patient) and slave (therapist) sides of the proposed platform can be represented by a 2-port network model which is distributed at both ends, and it is important to keep the transparency.



The relationship of these components in the 2-port model can be represented with a hybrid model [31], as shown in Equation (3):


[Fp−vT]=H[xPfT]=[h11h12h21h22][xPfT]



(3)




where, FP represents the force exerted to patients with exoskeletons; vp is the velocity output of the patients’ forearm; fT represents the interaction force between the haptic device and therapist; and vT is the velocity of the haptic device. H is a defined hybrid matrix, which can be expressed as Equation (4) [32]:


H(s)=[h11(s)h12(s)h21(s)h22(s)]=[ZinForce ScalingVelocity ScalingZout−1]



(4)




where, Zin and Zout represent the impedances on the master side and slave side, and h12(s) and h21(s) represent the functions of the master and slave dynamics and the control parameters, respectively. H(s) represents a kinesthetic relationship between the patient and the therapist while building a relationship between force and velocity. In the ideal conditions, the hybrid matrix H(s) is given by Equation (5):


H(s)=[01−10]



(5)







The transparency condition of the platform between the master side and slave side is defined as Equation (6) [33]:


ZP=ZT



(6)




where the ZP represents the generated impedance by the exoskeleton to patients and ZT is the impedance that the haptic device generated and added to therapists. When these values are equal, we say the system is transparent. Finally, real-time feedback with high transparency can be provided to make the therapist aware of the forces being applied on the patient’s forearm. The force information is beneficial to therapists to help decide on the sensorimotor needs of the patient.





3. Method and Materials


3.1. Model for Patient-Exoskeleton Interaction


The proposed platform allows a human therapist at the slave side to intuitively assist/resist the patient’s trajectories based on their therapeutic skills. Therefore, the exoskeleton devices should have the ability to adjust output impedance for generating both assistive and resistive forces. We previously designed an exoskeleton device on the elbow joint, and an improved impedance controller was implemented [34,35], as shown in Figure 3.



The mechanism schematic is shown in Figure 3. The force Fp(t) applied by the patient to the master device can be calculated by Equation (7),


Fp=k(θ1−θ)+dvp



(7)




where the θ1 is measured with the MTx sensor mounted on the forearm, which means an angle between the affected limb and horizontal plane and θ1 is equal to the θP in the visually shared model; θ is the angle between the forearm frame and a horizontal plane; k and d represent the spring and damping coefficient, respectively, because the exoskeleton follows the principle of the serial stiffness actuator (SEA) [36,37,38]. We can obtain the rotational velocity of the affected limb, which is given by Equation (8):


vp=α˙2−α˙1+1k(dv˙p−F˙p)



(8)




where, α1 and α2 is the rotational angle of the device and the angle of the passive rotational joint in the exoskeleton for avoiding the misalignment of elbow joint [7].




3.2. Model for Therapist-Haptic Device Interaction


During the therapy, the therapist tunes his/her reaction to generate a desirable therapeutic response based on the patient’s need via the visually shared model. The behaviour can result in either assisting or resisting the motion to patients. An impedance control where the robot is rendered as having mass, spring, and damper properties was used for the haptic device. The control formula is given by Equation (9)


fT=m(x¨d−x¨T)+b(x˙d−x˙T)+k(xd−xT)



(9)




where x¨d, x˙d, xd are the desired acceleration, velocity and position; x¨T, x˙T, xT are actual acceleration, velocity and position, respectively.



The device is operated in a two-dimensional space which is consistent with the visually shared training model. Therefore, the torque for two active joints can be calculated by Equation (10).


[τ1τ2]=Jpolar(q)T[kρeρ+bρe˙ρkθeθ+bθe˙θ]



(10)




where, eρ, e˙ρ, eθ and e˙θ are the radial position error, radial velocity error, angular position error, and angular velocity error between the actual trajectory with the designed trajectory. Jpolar(q) is the Jacobian from the haptic device’s motor part to the handle, where q1 and q2 are the two generalized coordinates as shown in Figure 4.





4. Experiments and Results


4.1. Performance Evaluation for the Patient-Exoskeleton Interaction


The exoskeleton adopts a high geared mechanism for guaranteeing enough torque output with a lightweight design; however, the passive character of the actuator’s non-backdrivability limits the ability to generate variable impedance output. The non-backdrivability means that the mechanical system should have low impedance [39]. For our proposed therapist-in-the-loop platform, the actuation and control system should provide both robot-in-charge and patient-in-charge modes. When the patient can control some movements, the patient-in-charge mode is needed where the robot should not hinder the patient motion, but instead it should show near-zero impedance while assisting the user via the visually shared model. The near-zero impedance output is also a precondition for generating resistive force. Therefore, it is necessary to carry out an experiment to evaluate the near-zero impedance output of the control system.



For the exoskeleton, a torque limiter mechanism was designed for the actuator; and by adjusting the clamp nut, the friction between the axle sleeve of the motor and the helical capstan shaft can be controlled [24]. In other words, we can release the clamp nut, so that the elbow motor will not provide the power to the robot frame. Two comparison experiments were carried out, and both muscle activities and the interactive force between forearm and device were used to evaluate the performance. In case one, the clamp nut was released, and the involved subject could freely flex his forearm. In case two, the clamp nut was screwed tightly. Thus, the control system will play a role in generating near-zero impedance, i.e., the exoskeleton can track the forearm motion freely. The subject also flexed his forearm as in case one. The muscle activities for biceps muscle were measured with a sEMG, because only the biceps muscle was involved for elbow flexion motion. The data acquisition and processing process are shown in Figure 5. The recorded sEMG signals were pre-processed by a commercial filter box (10–500 Hz band-pass, 60 Hz band-rejection, amplified 1000 times, Personal EMG, Oisaka Development Ltd., Fukushima, Japan) with differential amplification (gain: 1000) and common mode rejection (104 dB) at a sampling frequency of 3000 Hz and then sampled at 1000 Hz by a 16-bit A/D acquisition device (USB4716, 16-channel inputs, Advantech Co., Ltd., Taiwan). Other detailed information for signal acquisition can be found in our previous research [27]. Post-processed sEMG signals were then full wave rectified and low-pass filtered by a 1st order Butterworth filter with a cut-off frequency of 10 Hz to acquire the envelope, and the interaction force was measured with a force sensor (FS03, Honeywell, Morristown, NJ, USA) attached between the belt and sampled with the A/D board simultaneously. The MTx sensor measures the flexion angle of the forearm simultaneously.



The experimental result for case one is shown in Figure 6, where the biceps muscle activities and interaction force were recorded while the forearm flexed. The maximum value for the interaction force is 0.098 N, and the mean value for the sEMG signal is 0.0366 V. On the contrary, for case two, which is shown in Figure 7, the maximum value for the interaction force is 0.2127 N while the mean value for the sEMG signal is 0.0376 V. By comparing these two experiments, it can be seen that the control system performs well; the proposed impedance controller effectively solves the backdrivability problem.




4.2. Performance Evaluation for the Therapist-Haptic Device Interaction


Real-time feedback with high transparency can be provided to make the therapist aware of the forces being applied to the patient’s forearm through the haptic device. The performance when the therapist receives the force feedback should also be evaluated and stable feedback is a precondition for the high transparency. The sEMG that reflects the electrical activity produced by skeletal muscles is a convincing and direct method to evaluate the feedback.



The experimental process is illustrated in Figure 8, where the therapist was requested to do the elbow flexion and extension movement following the order. Also, a similar visual model without unnecessary parts, that is, just one beam which corresponds to the elbow motion was developed for reminding the volunteer of their position. Meanwhile, the volunteer should resist the force exerted by the haptic device and keep a steady speed. Only signals from biceps were recorded, and the method is similar to that introduced in Section 4.1. Here, the resulting force that is exerted by the haptic device is calculated with Equations (12) and (13), and only the angular position error was used with different kθ as given in Table 1.



The experimental result for three trials with different kθ is shown in Figure 9. It can be seen that the amplitude of the value was increased although a relatively small force was exerted by the haptic device.




4.3. Performance Evaluation for the Therapist-in-the-Loop Training


The experiment was performed at a local area network for evaluating the feasibility of the proposed platform as shown in Figure 10. The wrist mechanism was not installed during the experiment. Volunteer 1 plays the role of the therapist that operates the haptic device; while the volunteer 2 plays the role of the patient who wears the exoskeleton.



During the experiment, volunteer 2 was requested to track the target object through the visually shared model. Volunteer 1 can exert either assistive or resistive force via the model. The exerted force can be generated by the exoskeleton to patients, while volunteer 1 can simultaneously feel the force. The visually shared model developed with graphic interface provides a visible understanding of movement. The target object may change its position randomly after the green object reaches it as shown in Figure 2, and a new round of trials will start. The experimental results are shown in Figure 11, Figure 12 and Figure 13. Figure 11 shows that volunteer 2 tracked the target object eight times, as the green circles indicate. The angle of the target object changes its position after the green object reaches it. For the proposed telepresence system, the therapist can exert both assisting and resisting force through the system. Figure 12 and Figure 13 show that volunteer 1 can exert assistive force when the force is larger than zero. The resistive force can also be exerted when the force is smaller than zero. In Figure 12 and Figure 13, the green rectangles indicate the moments when a resisting force is exerted by the therapist. In addition, both the strategy and intensity can be changed according to therapist’s supervised therapy. The therapeutic experience is important for the further regeneration phase.



Moreover, if more haptic guidance is provided by therapists than needed; it will result in excessive reliance by the patient on the guiding force, which was also confirmed by the feedback from users [16]. Therefore, during the experiment, the inquiry was also required for further parameter selection.





5. Conclusions


The inconvenience of visiting a rehabilitation centre is expected to create an increasing demand for home-based rehabilitation. These demands could be met by an effective tele-rehabilitation system that exploits up-to-date internet technology, although robotic therapy on its own is not sufficient compared to manual therapy [2]. In this paper, a new robotic rehabilitation training platform that is motivated by the requirement of adjusting the training strategy and intensity in a patient-specific manner is proposed. A visually-shared model was designed whereby the motion of the therapist and patient are measured and mapped to the corresponding object’s motion. The force generated by the therapist can be transferred to the patient for delivering training, while real-time force feedback can be provided to the therapist to know the amount of force being applied to patients in real time. Both assistive therapy in the early stages and resistive therapy in the later stages of stroke can be performed because the exoskeleton was designed with a SEA principle by which the passive character of the actuator’s non-backdrivability can be improved. Moreover, patient safety is a key factor for the system design. In our proposed system, both the hardware of the exoskeleton device [24] and the real-time monitor on the therapist side can guarantee patient safety. Unlike other tele-rehabilitation systems, the real-time monitor not only includes monitoring with a screen but also involves the haptic feelings, which is directly fed back to the therapist through the haptic device. Economical and practical points were also considered during the initial exoskeleton device design [24]. The weight of the exoskeleton device is only 1.3 kg and easy to wear by the caregivers or patients themselves.



The patient and slave sides that are distributed at both ends of the platform were represented by a 2-port network model for keeping the transparency. Although the therapist-in-the-loop training was not performed in a real network environment, we evaluated the patient-exoskeleton and therapist-haptic interaction for the high transparency requirement that real-time feedback can be provided so that the therapist knows the force being applied on the patient’s forearm, and the force transmission is bidirectional. The therapist-in-the-loop training system suggests that the therapist could adjust the training strategy and intensity as needed. Our future work will focus on a user-study with a larger group and then on patient-based clinical experiments with the proposed platform via real telepresence environments. In addition, the delay-related instability problem will be studied, especially for the condition that the system is operated under network-transmission delay.
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Figure 1. Schematic diagram of the rehabilitation platform. 
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Figure 2. Proposed visually shared training model. 
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Figure 3. Schematic of the exoskeleton on the elbow joint. 
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Figure 4. Schematic of the haptic device with virtual stiffness and damping. 
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Figure 5. Data acquisition and data processing. 
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Figure 6. sEMG signal and interaction force during forearm flexion for case one (the motor did not provide the power to the robot frame). 






Figure 6. sEMG signal and interaction force during forearm flexion for case one (the motor did not provide the power to the robot frame).



[image: Applsci 09 01710 g006]







[image: Applsci 09 01710 g007 550]





Figure 7. sEMG signal and interaction force during forearm flexion for case two (the motor provided the power to the robot frame while an impedance controller was applied). 






Figure 7. sEMG signal and interaction force during forearm flexion for case two (the motor provided the power to the robot frame while an impedance controller was applied).



[image: Applsci 09 01710 g007]







[image: Applsci 09 01710 g008 550]





Figure 8. Experimental process (flex from position A to B and then extend to position C). 
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Figure 9. sEMG signals from biceps for three trials. 
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Figure 10. Therapist-in-the-loop training via visually shared model. 






Figure 10. Therapist-in-the-loop training via visually shared model.



[image: Applsci 09 01710 g010]







[image: Applsci 09 01710 g011 550]





Figure 11. Position of the green object and target object in the visual model. 
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Figure 12. Position of the orange and purple objects in the visual model. 
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Figure 13. Exerted assistive and resistive force by the therapist by means of the exoskeleton. 
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Table 1. The coefficients of the Kθ.
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	Coefficient
	Kθ





	First trial
	0.005



	Second trial
	0.0075



	Third trial
	0.01
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