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Abstract. This paper considers a bilateral tele-rehabilitation system with electrical stimulation for a human 

lower limb by using the Amazon Web Services Internet of Things (AWS IoT) as a cloud service. The 

scattering matrix method can guarantee the stability for the time delay in the bilateral tele-rehabilitation. This 

paper applies the AWS IoT to the bilateral tele-rehabilitation system. Because the cross certification and the 

cipher are provided in AWS IoT, the cybersecurity is considered compared to the HTTP method in the 

previous research. The experimental results show that the stability can be compensated even if the time delay 

exist. However, the error between the paddle angle and the knee angle exist. 
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1. Introduction 

The electrical stimulation is known as Functional Electrical Stimulation (FES) to improve the motor 

function of a human. FES makes muscle contraction by external electrical impulses in the same way as 

electrical impulses from the brain. When the stimulation is controlled, a desired movement can be achieved 

[1]. 

The tele-rehabilitation with the electrical stimulation has been proposed in [2]. The tele-rehabilitation 

indicates that a physical therapist rehabilitates a patient from the remote location. In [2], the therapist uses 

the haptic device, the lower limb of the patient is controlled by the electrical stimulation. The contact force 

and position information are communicated between the patient and the therapist. The lower limb of the 

patient and haptic device are controlled bilaterally. It is called as the bilateral tele-rehabilitation system. 

In the previous research, the tele-rehabilitation system with motor-assisted device has been developed in 

[3]. The physical therapist rehabilitates the patient by the motor-assisted device while the therapist watches 

the patient through the monitor. It is difficult to feel the condition of the patient. As the another bilateral 

teleoperation, the tele-rehabilitation system with the haptic device has been developed in [4]. The therapist 

rehabilitates the patient by grasping the rehabilitation device and the haptic device, respectively. The force 

and velocity information are communicated between the patient and the therapist. However, the velocity 

information is not better than the position information in [2]. 

The stabilization methods for the time delay have been investigated in the bilateral teleoperation, because 

the bilateral teleoperation is the closed loop system. The passivity-based approach is proposed in [5]-[7] by 

using the scattering transformation and the wave variable. The stability is guaranteed by the passivity of the 

operator, the tele-operator, and the communication block including time delays. As one of the non-passive 

approach for the time delay, the scattering matrix method has been proposed in [2],[8]. The stability is 

guaranteed based on the norm of the operator and the tele-operator.  
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This paper considers the experimental verification of the bilateral tele-rehabilitation system using 

Amazon Web Services Internet of Things (AWS IoT). The main contribution is to apply the AWS IoT to the 

bilateral tele-rehabilitation system. Because the cross certification and the cipher are provided in AWS IoT, 

the cybersecurity is considered compared to the HTTP method in the previous research in [9]. The stability is 

confirmed when the time delay exists by the AWS IoT in the experiment.  

2. Bilateral Tele-rehabilitation System Using Scattering Matrix Method 

This section reviews the bilateral tele-rehabilitation system based on the scattering matrix method in the 

previous work of [2]. Fig. 1 shows the bilateral tele-rehabilitation system of the human lower limb. A force   

 is provided to the paddle by the therapist. The force information is sent to a patient through the 

Internet. In the patient side, the electrical stimulus signal is made according to the received force information. 

The stimulus signal is provided to the quadriceps femoris muscle group  and . The muscle contraction 

induced by the electrical stimulation yields the leg extension. At the same time, the information of the 

patient's knee angle  is sent to the therapist through the Internet. In the therapist side, the paddle's 

angle  is controlled to be the same angle as the patient's knee angle  by the motor. Then, the 

therapist can feel the motion of the patient's lower limb by the reaction force from the paddle. 

 

Fig. 1: Bilateral tele-rehabilitation system of the human lower limb. 

The bilateral tele-rehabilitation system using the scattering matrix method is illustrated in Fig. 2. The 

therapist model is , the patient model is , the wave filters are  and , time delays are 

 and  in the communication by the Internet. The force  is indicated in Fig. 1, the disturbance is 

. 

 

Fig. 2: Bilateral tele-rehabilitation system using the scattering matrix method. 

The therapist model  in Fig. 2 is shown in Fig. 3. The paddle model is , the friction force 

model of the paddle is , the feedback controller is , the phase-lag filter is , the square box 

which is drawn by the dashed line is the scattering transformation, where  is the design parameter. The 

paddle angle is , the reference angle of the paddle angle is  which is equal to the past patient's 

knee angle , the force which is measured by the force sensor on the paddle is . 

The patient model  in Fig. 2 is shown in Fig. 4. The patient's lower limb model is , the phase-

lead filter is , the square box written by the dashed line is the scattering transformation. The phase-lead 

filter  is needed to stabilize the patient, because the feedback controller doesn’t exist in the patient side. 

The patient's knee angle is , the force  is equal to the force . The force  is provided 

by the muscles  and  by the electrical stimulation. 

The stability condition of the bilateral teleoperation system based on the scattering matrix method has 

already been proposed in [8] as follows by using the small gain theorem 

                                                  (1) 
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The stability condition Eq. (1) means that the stability condition can be evaluated by using  norm 

regardless of the length of the time delay. The control objectives are indicated as follows; 

(1) The paddle's angle  is the same angle as the patient's knee angle .  

(2) The therapist feels the reaction force from the paddle.  

 

 

Fig. 3: Therapist model  in Fig. 2.  

  
Fig. 4: Patient model  in Fig. 2. 

3. Experimental Setup 

The experimental equipment of the tele-rehabilitation system is shown in Fig. 5. In the therapist side, the 

contact force  is measured by using the force sensor where the force sensor value is . The paddle 

angle  and reaction force  are obtained by utilizing the encoder and DC motor, respectively. In the 

patient side, the patient sits on the leg extension machine with a weight 5 [LBS] (=2.3 [kg]). The knee angle 

 is measured by using the encoder. The contact force  is converted to the electrical stimulus signal 

 by utilizing the RehaStim (HASOMED GmbH). The PC with the signal processing board Q8-USB 

(Quanser) is connected to the therapist side and patient side. The communication between the PC and the 

AWS IoT are implemented by the “Publish” and “Subscribe”. In the AWS IoT, the things Topic1 and Topic2 

are made. The information  and  are sent to the Topic 1 and Topic2 by “Publish”. When the 

“Publish” is implemented, the PC takes the information  and  by “Subscribe”. The design parameters 

are designed as follows; 

 

                                                           (2) 

                                                                                   (3) 

                                                                     (4) 
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Fig. 5: Experimental equipment. 

4. Experimental Result 

The experimental results are shown in Figs. 6-10. The therapist provides the contact force  to the 

paddle. The sensor value  is indicated in Fig. 6, where the dashed line is . The solid line is  

which is same as  in Fig. 6. The forces  and  almost have the same value. The 

magnitude of the electrical stimulation  according to the force  is illustrated in Fig. 7. Then, the knee 

angle of the patient  is illustrated in Fig. 8, where the solid line is  . The dashed line in Fig. 8 is the 

paddle angle . The reaction force  is shown in Fig. 9. The time delays are indicated in Fig. 10. The 

time delays  and  are the required time from the therapist to the patient and the patient to the 

therapist, respectively. The average time delay is 0.2 [s]. Though the error between the paddle angle  

and the knee angle  exists for , the stability is compensated even if the time delay exist.  

 

  

Fig. 6: Time response of the force  and the force 

. (solid: , dashed:  ) 

Fig. 7: Time response of the magnitude of the electrical 

stimulation . 

  

Fig. 8: Time response of the paddle angle   and the 

knee angle . (solid:  , dashed:   ) 

Fig. 9: Time response of the reaction force . 

106



            
 

Fig. 10: Time response of the time delays . (solid: , dashed: ) 

5. Conclusion 

This paper considered the experimental verification of the bilateral tele-rehabilitation system using AWS 

IoT. The therapist side and the patient side can be communicated through two things on AWS IoT. The error 

between the paddle angle and the knee angle exist. However, the stability can be compensated for the 

average time delay 0.2 [s].  
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