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Abstract

Robots are highly incorporated in rehabilitation in the last decade to compensate lost func-
tions in disabled individuals. By controlling the rehabilitation robots from far, many benefits are
achieved. These benefits include but not restricted to minimum hospital stays, decreasing cost,
and increasing the level of care. The main goal of this work is to have an effective solution to take
care of patients from far. Tackling the problem of the remote control of rehabilitation robots is
undergoing and highly challenging. In this paper, a remote wrist rehabilitation system is presented.
The developed system is a sophisticated robot ensuring the two wrist movements (Flexion /exten-
sion and abduction/adduction). Additionally, the proposed system provides a software interface
enabling the physiotherapists to control the rehabilitation process remotely. The patient’s safety
during the therapy is achieved through the integration of a fuzzy controller in the system control
architecture. The fuzzy controller is employed to control the robot action according to the pain felt
by the patient. By using fuzzy logic approach, the system can adapt effectively according to the
patients’ conditions. The Queue Telemetry Transport Protocol (MQTT) is considered to overcome
the latency during the human robot interaction. Based on a Kinect camera, the control technique is
made gestural. The physiotherapist gestures are detected and transmitted to the software interface
to be processed and be sent to the robot. The acquired measurements are recorded in a database
that can be used later to monitor patient progress during the treatment protocol. The obtained
experimental results show the effectiveness of the developed remote rehabilitation system.

Keywords: Rehabilitation robotics, fuzzy logic, vision-based gesture control, IoT.
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1 Introduction

In recent years, special attention has been paid to the integration of robots in health systems,
mainly in rehabilitation and surgery applications [20, 43]. Rehabilitation is care that is mainly used
to restore or improve the functions of diminished parts of stroked or disabled individuals. This in
turn will help these individuals to return partially or completely to their active lifestyle. Physical
rehabilitation is the most popular type of rehabilitation. The physical rehabilitation can be achieved
conventionally through the physical interaction between the patients and therapists. However, this is
ineffective as it is costly, and time consuming. On the other hand, the coupling of the great advances
in robotic systems and computers made a paradigm shift in the medical rehabilitation especially in
the last decade. Thus, incorporating robots and computers in the rehabilitation process is a must as
it highly increases the effectiveness of the whole process, reduces costs, and encourages patients to be
rehabilitated. Examples of rehabilitation robotic devices are wearable robots, robotic orthoses, and
robotic wheelchairs. Most of these devices are either concerned with the rehabilitation of lower or
upper limb [16, 22, 28].

The utilization of robots in rehabilitation is very challenging as it requires looking for solutions
that address several patients’ capabilities. Semi or fully autonomous robots can be adopted for this
purpose. The main motivation of using robots in rehabilitation is the high increase of the number of
elderly and disabled people. The research efforts of involving robots in rehabilitation field led to the
development of many interesting and novel rehabilitation devices. A summary of these devices can be
found in [32]. Working towards developing such type of devices requires a deep recognition and special
skills to solve many mechanical, electrical, biological, and software issues. Great research efforts have
been working to solve these issues [16, 28, 32]. Many benefits can be gained from using robots in
rehabilitation starting from the repetition of exercises and ending with the complete monitoring of
patients during the exercise protocol using the robot sensors [5].

On the other hand, the Internet of Things (IoT) has recently been used in many research areas
and applications [35, 36]. By using IoT concept, the system parts/objects can be accessed any-
time/anywhere [47]. By using IoT concept, monitoring and control of the whole system is achieved
effectively and efficiently. Internet of robotics is one of the most important concepts that integrates
robotics with IoT to overcome the limitations of cloud robotics [40]. Using the internet of robotics
concept paved the way to control the rehabilitation robots remotely which in turn will greatly affect
the whole rehabilitation process and all stakeholders [27]. The tele-rehabilitation systems will allow
the therapists to remotely control and monitor their patients at home. Many human robot interac-
tions approaches and interfaces have been developed to tackle the challenges of the tele-manipulation
problem [6, 25, 26, 31, 44].

Fuzzy logic has been extensively used in many applications [12, 18, 33, 39]. This mainly comes from
the powerfulness of fuzzy logic in dealing with uncertain and inaccurate data. In [33], the authors
combine the characteristics of the adaptive Nertwork-based Fuzzy Inference System (ANFIS) and
Ordinary Differential Equations (ODESs) in one model able to represent the genetic regulatory networks
(GRN). In [39], a fuzzy logic control algorithm based on a Takagi-Sugeno-Kang inference engine is
proposed to stabilize the Rossler chaotic dynamical system. The Professor Zadehs’ contributions to
the development of Soft Computing, and Artificial Intelligence along their influences on the world and
Romania are summarized in [12]. A fuzzy model and a methodology to determine the optimal green
period ratios of a traffic light is presented in [18].

Many researches have focused on fuzzy logic based control schemes for rehabilitation robots. An
adaptive admittance controller based on fuzzy logic has been developed for 2-DOF actuated parallel
ankle rehabilitation robot [41]. Also, a PID controller based on a fuzzy inference system for rehabilita-
tion of shoulder flexion/extension has been presented in [3]. Additionally, a fuzzy-impedance control
law is developed to estimate the human-robot interaction force in [51]. A robotic fuzzy-based adaptive
assistance system is presented in [21]. In contrast to these works which adopt fuzzy logic either as a
control law for trajectory tracking [3, 41] or for assistance [21, 51], the proposed solution in this paper
integrates the concept of fuzzy logic into the adaptive control architecture to build a safety system
that takes pain that could be felt by patients into account.

The fuzzy-logic-based decision-making approach are discussed in various works [13, 14, 19, 45, 48].
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In [19], an adaptive impedance force controller is developed for an upper limb rehabilitation robot.
The fuzzy logic regulator is used to make decision about the estimated force to be generated to suit
the muscular strength of the affected limb. In [45], authors focus on the risk assessment of a robotic
system dedicated to the rehabilitation of the elbow and wrist. The risk assessment is analyzed using
a system based on fuzzy logic which confirms whether the robot is secure or not and determines
this degree of security. In [48], the control based on the RLS algorithm (Recursive Least Square) is
developed to identify the patient’s residual motor capacity. Depending on the impedance of the upper
limb in motion, the reference trajectory is generated according to the patterns of movement in healthy
humans. In addition, the fuzzy logic control strategy is implemented in the direction perpendicular
to the movements making it possible to make the right decision on the level adjustment of the robotic
assistance while taking into account the impedance of the upper limb and the variations of deviation
between the reference trajectory and real trajectory. A fuzzy logic approach is used in this paper
to enable system to effectively adapt to the patient’s conditions. Indeed, the solution integrates a
current sensor in order to have an indication of the patient’s pain. The presence of a current peak
can be explained by a resistive force. The resistance force occurs naturally and unconsciously when
the patient experiences pain. The fuzzy controller takes these current levels and the last angle into
account to estimate whether the felt pain requires stopping the action or not.

On the other hand, the Kinect sensor has shown elegant capabilities making it an excellent option
to consider in any vision-based applications. Examples of these applications are assistive systems
[24, 38], rehabilitation [1, 2, 8, 9, 42], and navigation systems [46, 50]. Also, Kinect has been seen
in many gesture recognition approaches [10, 11, 17, 23]. A Kinect gesture recognition approach is
proposed in this paper to improve the process of implementing gesture recognition. Actually, the
developed system is a vision-based remote handling solution which avoids the disadvantages of EMG-
based solutions. The Kinect camera is used to recognize gesture movement of the therapist. The
recognized movement is transferred through the internet to the wearable robot at the patient side.
The use of Kinect is very beneficial for the therapist during the initialization of the gesture as no need
for manipulation or explanation. The patient is completely passive and the robot must repeat the
action of the physiotherapist. This kind of exercise maintains mobility, and flexibility. In the early
stages of the rehab protocol, we are often faced with cases that cannot be active and therefore passive
ROM (range of motion) exercises can reduce joint stiffness and prevent it from freezing due to lack of
movement.

This paper focuses on the development and implementation of a wrist tele-rehabilitation system
that significantly solve the rehabilitation problems. By using the proposed system, the therapists is
capable of dealing with many patients at a time which in turn decrease the number of patients in the
waiting list of rehabilitation centers. Also, the remote patient monitoring and control capabilities of
the proposed system can greatly decrease healthcare costs [27]. Using such type of home rehabilita-
tion systems will help patients to start their therapy protocol quickly which in turn accelerates their
recovery. The proposed system is completely considering the safety of patients during the treatment
protocol through employing a current sensor that measures the patient pain during the rehabilitation
exercises. The developed tele-rehabilitation implements a whole system allowing the physiotherapist
to act in a remotely gestural way to control a robot and to have visual feedback. During the study
of the control architecture, it has been found that the MQTT protocol is more suitable for the de-
veloped application and its constraints than the famous HTTP (Hypertext Transfer Protocol). The
most important characteristic of the MQTT protocol is the real time aspect which avoids problems
caused due to latency. Additionally, the MQTT protocol is easy to implement and enables fast data
transmission by means of publish/subscribe operations, which are essential in medical applications and
ideal for machine-to-machine communication. The use of the network must be minimized to avoid
disturbances due to the high demand for data exchange. The MQTT protocols minimize the data
packets which alleviate the use of the network and consequently avoid disturbances caused by the high
demand for data exchange. MQTT is a low-power protocol offering the possibility of using a battery
as an alternative solution to power the portable robot.

The main contribution of the presented work is that it integrates the vision-based gesture control,
the adaptive control and fuzzy logic approaches and IoT concept in rehabilitation robotic device to
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help therapists to remotely take care of patients efficiently and reliably. In addition, the software
developed for the proposed e-rehabilitation system displays real-time performance, augmented reality
interface and provides a database table which ensures patient care monitoring and electronic medical
records. The proposed IoT rehabilitation robotic system is presented in figure 1. The details of the
control design is presented in the next section. The details of the control design are presented in the
next section. This includes the adaptive control and fuzzy logic control.

2 Control design

Gesture control is the process of recognizing and interpreting movements of human body to control
a computer system. This type of interaction between human and computer system is achieved through
software interface. Various approaches have been developed in the literature for this purpose [10, 23,
26]. Recently, vision based recognition is used for gesture control to overcome the limitations of
using traditional sensors to recognize the required actions. Using conventional 2D cameras can only
provide general information about human movement and thus is not appropriate for many applications.
Furthermore, the 2D vision recognition systems are subject to environmental factors that affect the
recognition of object movements such as lighting, contrast, and distance. Alternatively, the 3D vision
systems have shown excellent capabilities of recognizing object movements [10, 23]. Kinect is one of
the amazing 3D cameras that can be used for 3D imaging. The most important feature that makes
Kinect an excellent choice for gesture recognition is its depth imaging. This depth imaging feature
makes it easy to recognize the distance between the Kinect and the moving object. Kinect is used in
this paper for gesture control.
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Figure 1: Control Architecture Overview

The developed software is done on the Laboratory Virtual Instrument Engineering Workbench
(LabVIEW) environment. By using LabView, we benefit from the ability to integrate user interface
design into the development cycle and take advantage of numerous supports allowing easy interfacing
with cameras, instruments, boards and other devices. Starting by the physiotherapist as the system
operator, the gesture is captured by the Kinect sensor. The signal processing and recognition are run
on the computer system (CPU: Intel Core i7, 8th Generation, 8705G / 3.1 GHz) using the Microsoft
Kinect API (Application Programmer Interface) developed by the NI (National Instrument). One of
the highlights of the SDK is its very fast and accurate pattern recognition system, which does not
require any configuration or calibration of the sensor at the start. In order to identify the exoskeleton,
this recognition system compares the presented gesture with all registered models in order to find a



https://doi.org/10.15837 /ijccc.2020.4.3814 5

match. To detect its exoskeleton, it is sufficient for the user to appear just in front of the sensor
ensuring that his head and body are visible. Processed data must pass through a mapping block
before being used in the control law set point. Since the system is in prototyping phase, the used
equipment is based on open source hardware platforms. The Arduino Due board based on 32-bit ARM
core microcontroller is used as the embedded system controller. The communication with the server
is ensured through a Wi-Fi shield (Yun Shield board). Arduino Due plays the role of the interface
board and not the brain of the designed system. The microcontroller receives the real position and
transmits it to the pilot. As presented in figure 1, information about the actual position and current
sensing are recovered from encoder and the driver circuit, respectively. These data are sent through
the server to the computer system to be the inputs of the fuzzy controller. The pain estimation is
defined according to the implemented fuzzy rules. In the implemented block of the nonlinear control,
a test is done to identify the state coming from the Fuzzy block. Based on this state, the adaptive
controller either adopts the desired angle or keeps the previous angle.

Figure 2 shows the detailed steps of the proposed system starting from the therapist and going to
the patient and returning again to the therapist through visual feedback. As illustrated in Figure 2, the
microcontroller receives the real position and current sensing and transmits them to the physiotherapist
station. These data are sent through the server to the computer system to be the inputs of the fuzzy
controller. The pain estimation is defined according to the implemented fuzzy rules. The proposed
system has the ability to store and report the patient exercise data to monitor the patient progress
during the therapy protocol.

The physiotherapist station (running MQTT broker) publishes topics and values to the broker.
The robot subscribes to the broker to be notified when these topics are updated. Certain technical
points must be considered when comes to the implementation of this protocol. Mosquitto, as an open
source message broker is running in the physiotherapist computer, while PubSubClient, as an Arduino-
based MQTT client is implemented in the robot embedded system. The physiotherapist uses gesture
control to send the joint angle to the server. The physiotherapist station defines the angle value as
a topic to publish. On the other side, the Arduino due-based system must subscribe to this topic to
receive the transmitted message. The robot also sends feedback to the physiotherapist’s computer. In
this case, the measured angle is the topic that the physiotherapist computer must subscribe to.

The connection of the Arduino due board to the internet has been developed using the wifi library.
This library requires SSID broadcasting and provides data encryption using Wireless Protected Access
(WPA2) which is the improved version of the WPA standard. The Arduino Due board communicates
with the wifi shield through the SPI bus. The media access control address (MAC address) is provided
by the wifi shield and consequently the robot has its physical address as a unique identifier for the
network interface controller (NIC). Http request is sent by the physiotherapist interface to the server.
On his part, the web server sends a request to the connected robot and establishes a communication
with the SQL server to store data. The connection between LabVIEW interface and the SQL database
is based on LabVIEW database connectivity toolkit. The embedded system in the wrist robot receives
the desired angles, operates and sends feedback.

2.1 Adaptive control

In general, the adaptation of a system to its environment lies in the possibility of reacting to
the variations that this environment may undergo. In control theory, adaptive control aims to react
to variations in the system. In the non-adaptive approach, the development of control algorithms
is done by considering an invariant model. However, in the case of systems whose parameters are
unknown, sophisticated control approaches such as adaptive control are applied to deal with this
model uncertainty. Within the framework of our application and in addition to the uncertainty of the
robot model, working with arms of different weights confirms this uncertainty of the dynamic model
of the system. Consequently, we use this adaptive approach in order to real-time react by minimizing
the error between the set point and the output even in the presence of system variations.

The developed architecture uses one link robot which can be modeled as follows:

m(q)Gi+bi+g(q) =7 (1)
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Figure 2: Flowchart of the implemented system

where
m is the mass of the robot link

q is the joint variable
¢, and ¢ are the velocity and acceleration of the robot joint respectively
b is a positive scalar representing the dynamic coefficient of friction
g represents the gravitational force
Equation 1 can be written as:

mr =y® — 71— br (2)

where
r=MXe+é (3)

e = qq— q represents the tracking error, g4 is the desired trajectory of the joint variable, and A > 0.

y® =m (da + Aé) +b(da+ Ae) + g (q) (4)

where y is the regression matrix

y=[y11 Y2
¢ is 2x1 vector of the unknown constant parameters
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The following controller is proposed:

where k, is a scalar control gain
With the adaptive update rule:

where

is the estimate vector of the unknown parameters
is 221 matrix (¢ € R¥*Y), p=¢ — ¢

= <’71 0), and v; > 0.

0 7
In order to prove the stability of the proposed controller, the Lyapunov function V can be written

V= %TTm (@) + %¢~T7_1¢2 (7)

. 1 ~ v
V=rTp 4 irT'r'm” + ¢Ty 1 (8)
Substituting from equation 2 into equation 8 yields:

V=r(yp—1)+rT <;m - b) r+ ¢ty e 9)
Knowing that (3 — b) yields:

V=r(yp—7)+ ¢~T’y_1<17§ —rTor (10)

Substituting from equation 5 into equation 10 yields:
V= —rTkyr + (;;T (’y_lg;) + yTr) —rlbr (11)

Substituting from equation 6 into equation 11 yields:
V= —er:vr —rThr <0 (12)
V is lower bounded by zero, V is negative semidefinite and V is bounded so by Barbalat’s Lemma,

lim v =0
t—o00

By the Rayleigh-Ritz theorem, we can prove that

limr=20

t—o0
which means that

lime=0

t—00
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2.2  Fuzzy logic

In classical logic, decisions are binary: either true or false. This what distinguishes fuzzy logic
from classical logic. In fuzzy logic, a decision can be both true and false at the same time with a
certain degree of membership to each of these two beliefs. In the robotic rehabilitation applications,
the classic control could be applied by defining a pain threshold for each case. This threshold must
be defined by the physiotherapist at the start of the rehabilitation process. However, the system in
this case is not intelligent because we can not reach this threshold due to other parameters other than
pain. For example, for small angles, when the motor starts, it causes a default current peak. If the
controller considers this current request as resistance from the patient and therefore an indication of
the sensation of pain, the system must stop and the reached ROM is considered as a limit for this
rehabilitation step. On the other hand, the sensation of pain should not stop the process if the range
of motion has already been reached. Thus, a fuzzy logic controller in which the last ROM and the
current are considered as two inputs is needed to provide an intelligent rehabilitation system.

Fuzzy logic is a rule-based decision-making method used for expert systems and process control. As
an integrated development environment, LabVIEW uses the Labview PID and the fuzzy logic toolbox
containing the fuzzy system designer and the fuzzy logic VIs to design and control fuzzy systems.
While fuzzy systems consist of three main parts: linguistic variables, membership functions and rules.
The first step in designing a fuzzy system with Fuzzy System Designer is to create the input and
output linguistic variables for the system. The next step is to create a rule base. Indeed, the rules
describe the relationships between the input and output linguistic variables according to their linguistic
terms. The fuzzy rule base determines fuzzy output values based on the input values. In rehabilitation
protocols, medical experts recommend the application of autonomous robotic rehabilitation systems
with more sensitivity and intelligence so that the robot detects the pain felt by the patient and
therefore the possibility of incorporating this parameter in the control approach of the rehabilitation
process. Based on this approach, the robot can imitate the therapist’s activities with intelligence and
great performance.

First of all, we were assisted by a medical expert to define the basis of the rules based on his
experience in rehabilitation protocols. Then, preliminary tests are run to check the designed rule base.
A second series of tests is launched to improve the rule base based on feedback from the physiotherapist.
The series of tests continued until the satisfactory conventional rehabilitation protocol was followed.

The proposed fuzzy logic system is shown in Figure 3. The carried out range of motion (ROM)
and the measured current are the fuzzy logic system inputs while the pain estimation is the system
output. In fact, the proposed fuzzy system uses the already achieved ROM and the resistance against
rehabilitation to estimate the patient pain during the therapy process. Also, the developed fuzzy
controller takes into account the current peak values often caused by patient sensation of pain. This
makes the developed system a smart decision making system compared to on-off switching systems.
The membership functions for both inputs and output are shown in figure 4. The Gaussian membership
functions are found the best suitable type to be used in the implemented system.

Current Pain

S » & E Estimation
Carried out Fuzzification ~———» Rules Database ——» Defuzzification

RoM
Figure 3: Fuzzy logic system

The proposed fuzzy logic system is implemented using the NI LabVIEW PID and Fuzzy Logic
Toolkit. The Center of area (CoA) deffuzzification method is used. In order to unify the scale of the
inputs, and the output of the fuzzy controller to be in the range from 0 to 10, normalization is used
using equation 13.

(X - Xmin)(XNmaac - XNmin)
(Xmaz - Xmm)

Where X is the variable before normalization and its range is [Xmin,Xmaz]- X is the normalized

XN = =+ Xmin (13)
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variable and its range is [Xnmin, X Nmaz]-

The rule base that governs the operation of the proposed fuzzy logic is shown in Table 1. It is
noted that for a small amplitude of movement, the system takes into account the peak current due to
the starting of engine and thereafter, any request for current cannot reflect a feeling of pain. However,
even in a real case of feeling pain often felt during a first rehabilitation session, this feeling in these
very small ranges of movement is considered to be completely normal and can in no case cause an
emergency for which the robot stops and deals with this case.

3 Results and discussions

In order to assess the validity and effectiveness of the proposed fuzzy architecture, some results
and discussions are presented in this section. The developed wrist rehabilitation robot in this paper
has many features that makes it best fit in home rehabilitation. It is light in weight, simple in its
mechanical design, and easy to use. The detailed mechatronic design is presented in our previous work
[7].

Fuzzy logic is a rule-based decision-making method used for expert systems and process control. As
an integrated development environment, LabVIEW uses the Labview PID and the fuzzy logic toolbox
containing the fuzzy system designer and the fuzzy logic VIs to design and control fuzzy systems.
While fuzzy systems consist of three main parts: linguistic variables, membership functions and rules.
The first step in designing a fuzzy system with Fuzzy System Designer is to create the input and
output linguistic variables for the system. The next step is to create a rule base. Indeed, the rules
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Table 1: Rule database

Rule no. Carried our RoM Current Pain estimation
1 L L L

2 L M L

3 L H L

4 L V.H L

5 L V.L L

6 M V.L L

7 M L L

8 M M M

9 M H H
10 M V.H V.H
11 H V.L L
12 H L L
13 H M M
14 H H H
15 H V.H V.H
16 V.H V.L L
17 V.H L L
18 V.H M M
19 V.H H H
20 V.H V.H V.H

describe the relationships between the input and output linguistic variables according to their linguistic
terms. The fuzzy rule base determines fuzzy output values based on the input values. In rehabilitation
protocols, medical experts recommend the application of autonomous robotic rehabilitation systems
with more sensitivity and intelligence so that the robot detects the pain felt by the patient and
therefore the possibility of incorporating this parameter in the control approach of the rehabilitation
process. Based on this approach, the robot can imitate the therapist’s activities with intelligence and
great performance.

First of all, we were assisted by a medical expert to define the basis of the rules based on his
experience in rehabilitation protocols. Then, preliminary tests are run to check the designed rule base.
A second series of tests is launched to improve the rule base based on feedback from the physiotherapist.
The series of tests continued until the satisfactory conventional rehabilitation protocol was followed.

Compared to recent works dealing with rehabilitation based on EMG feedback [15, 29, 30], the
developed solution in this paper uses the vision-based solution to avoid several problems like the
sensitivity of EMG signals to electrode placement, interference with signals from neighboring muscles
and skin properties. The main drawback of the EMG developed methodology is the lack of EMG
signals’ normalization which is very necessary as the EMG signals are highly affected by muscle noise
and fatigue. In addition, the EMG signals do not take into account the velocity, because the area
required for electromyography electrodes is large. Compared to [37, 49], the proposed solution is
remotely controlled via internet which in turn greatly affect the whole rehabilitation process and all
stakeholders [27]. The tele rehabilitation systems will allow the therapists to remotely control and
monitor their patients at home. These benefits include but not restricted to minimum hospital stays,
decreasing cost, and increasing the level of care. In contrast of the devices presented in [47 |, the
proposed solution responds to the pain felt by the patient and deemed unbearable. Based on the
estimated pain and the last RoM, the fuzzy rules are defined to control the actions of the robot.

The proposed rehabilitation system also has a communication interface shown in figure 5 to be
used by the therapist. As shown, the interface has tabs for setup and monitoring, real & virtual
environments, and data storage & reporting. The setup and monitoring tab gives the therapist the
ability to setup the therapy exercise and to video monitor patients during the rehabilitation exercises.
Additionally, the interface guides the therapist to the appropriate gesture control position. The
interface also has an invalid position alert to indicate that the therapist position can not be recognized
by the Kinect camera. The database & storage tab shown in figure 6 gives the capability of saving
some useful information about the patient personal data, the exercises and patient progress report.

The video images at the patient side are displayed on the therapist computer. These images are first
captured by the IP camera connected to a router. The therapist computer is connected to the router
as well. The IP camera is connected to the LabVIEW interface using the multimedia for LabVIEW
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Figure 6: Data base interface

toolkit which allows streaming with different protocols and various codes. Figure 7 shows the real
time streaming of the implemented system. The second screen shown in figure 7 represents the real
and virtual environments. The patient’s videos captured by the IP camera and the physiotherapist’s
videos captured by the 3D camera are transmitted and displayed on the control interface presented
in figure 7. Therefore, this interface gathers the real-time acquisitions of the two cameras: the Kinect
and the IP camera and also provides a virtual representation of the physiotherapist’s arm. The idea
is to display a virtual robot that translates the data acquired by the sensor and to map them into a
3D virtual environment in a pure emulation of the gesture.

To ensure patient safety, a pain level indicator is displayed in the physiotherapist interface to
provide information about the patient’s resistance. This resistance is fed into the fuzzy controller as
an input. The output of the fuzzy controller will provide the therapist with a complete image about
the patient and thus the best fit conditions for the therapy process.

Experiments are performed on a subject (a patient) with a wrist fracture, just one week after
removal of the cast. The subject underwent a complete rehabilitation protocol to recover the abduc-
tion/adduction movements for 10 days. The exercise is controlled by the physiotherapist who tilts
the hand in one direction maintaining the position for 5 seconds. The exercise is repeated for 3 sets
of 10. The connected robot follows the physiotherapist’s instructions. The first test showed that the
subject had lost about 72% of the ROM of his wrist. Indeed, as shown in figure 6 (the second curve



https://doi.org/10.15837 /ijccc.2020.4.3814 12

Figure 7: Real time streaming

Table 2: Wrist RoM for healthy subject

Mvt Flexion Extension Radial Ulnar
RoM  80-90 70-90 15 30-45

illustrates the ROM as a function of the number of exercises), the subject finishes the first day with a
ROM equal to 15, which is 27% of the maximum ROM of a healthy subject (see table 2). In figure 8,
the first curve illustrates the progress of the ROM as a function of the number of iterations indicates
the progression of the performance achieved by the subject on the last day. The subject reaches an
amplitude of movement equal to 40, which is 72% of the ROM reached by a healthy subject. The
developed software displays 7.2 as a progression factor. This ratio is calculated based on the maximum
ROM that a healthy subject can achieve, as shown in the table 2.
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Figure 8: Final Report

Technically, the main limitation of the tele-rehabilitation is the communication delay inherent to
the data processing and transmission on the network. The e-synchronization between the physiothera-
pist wrist movement and the action on the robot as well as the feedback displayed on the user interface
can degrade the performance of the application. Our experiments show that the performance of the
tele-rehabilitation technique decreases exponentially as the communication time delay increases. End
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to end delay can be expressed as follows:

Dnode = Dprocessing + uneuing + Dtransmission + Dpropagation (14)
where
Diransmission = Segment Length / Rate (15)
and
uneuing = Dtransmission * (Len.gth Of queue) (16)

To deal with the problem of delay, we have focused on the publishing intervals. Knowing that the
delay of propagation can be approximated to half of the initial round trip time (IRT'T/2). The round
trip is the time taken by the signal between sent and acknowledgment. However, the IRTT is obtained
by a simple ping from the PC to the IP address of the robot as shown in the figure 9. The ping test
gives 80 ms. Therefore, messages are published every 200 ms and thus delays in programming and
queuing are avoided.

PC/Server Robot

IRTT

Figure 9: IRRT measurement
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Data

»
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Packet
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Data

Packet
Length

Control | Payload:

Header Header Data >>

Packet
Length

Packet Control

Length

Packet Control

Length

Control | Payload:

Data

Payload:
Data

Payload:
Data

>

Header Header Header

Faster Publish Interval

Figure 10: Influence of the publish interval on the queue

The choice of publish interval at least twice the IRTT cancels the propagation delay. The publish
intervals can influence the queuing delay as shown in figure 10.

The developed code gives the user the opportunity to reset the TCP connection and to establish
a new IRTT. The updated IRTT will be used on the calculation of the delay and consequently on the
choice of the publishing intervals.
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4 Conclusions

Many benefits can be gained from using robots in rehabilitation starting from the repetition of
exercises and ending with the complete monitoring of patients during the exercise protocol using the
robot sensors. In this paper, an IoT architecture for rehabilitation robotic system is presented. The
proposed architecture enables The physiotherapists to monitor and control patients from far. Fuzzy
logic is adopted in the developed architecture to deal with patient pain which facilitates the control
process specially for passive patients. The Kinect camera is employed which provides a low cost
solution for 3D vision-based systems. The proposed rehabilitation robotic system has interfaces for
monitoring & control, real & virtual environments, and data storage and reporting.
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