
 

 

 

REPUBLIC OF TURKEY 

YILDIZ TECHNICAL UNIVERSITY 

GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

 

 

 

 

 

DEVELOPING A HAPTIC HAND INTERFACE WITH FORCE 

FEEDBACK FROM VIRTUAL ENVIRONMENT AND CONTROLLING 

IT VIA EMG SIGNALS  

 

 

 

 

 

MIRVAHID AHMADIPOURI NAEIM 

 

 

 

 

MSc. THESIS 

DEPARTMENT OF MECHATRONIC ENGINEERING 

PROGRAM OF MECHATRONIC ENGINEERING 

 

 

 

 

ADVISER 

ASST. PROF. DR. CÜNEYT YILMAZ 

 

 

İSTANBUL, 2018  



 

 

REPUBLIC OF TURKEY 

YILDIZ TECHNICAL UNIVERSITY 

GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES 

 

DEVELOPING A HAPTIC HAND INTERFACE WITH FORCE 

FEEDBACK FROM VIRTUAL ENVIRONMENT AND CONTROLLING 

IT VIA EMG SIGNALS 
 

A thesis submitted by Mir Vahid AHMADIPOURI NAEIM in partial fulfillment of the 

requirements for the degree of MASTER OF SCIENCE is approved by the committee on 

21.06.2018 in Department of Mechatronic Engineering, Mechatronic Engineering Program. 

 

 

Thesis Adviser 

Asst. Prof. Dr. Cüneyt YILMAZ  

Yıldız Technical University  

 

Approved By the Examining Committee  

Asst. Prof. Dr. Cüneyt YILMAZ 

Yıldız Technical University     _____________________ 

 

 

Prof. Dr. Vasfi Emre Ömürlü, Member  

Yıldız Technical University     _____________________ 

 

 

Prof. Dr. Hikmet Kocabaş, Member 

Istanbul Technical University     _____________________ 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This study was supported by the Scientific Research Project Coordination of Yildiz Technical 

University (BAP) Grant No: 2016-06-04-YL01 (1057).



 

 

ACKNOWLEDGEMENTS 

 

First of all, I would like to thank my thesis advisor Asst. Prof. Dr. Cüneyt YILMAZ of 

the Department of the Mechatronic Engineering at the Yıldız Technical University for his 

patience. He consistently allowed this paper to be my own work, but steered me in the 

right direction whenever he thought I needed it. 

I would also like to thank all the academic members who helped me to join the master 

program.  

I would also like to special thanks to Op. Dr. Yakup AVŞAR at Avşar Polyclinic for 

valuable supports to 3d print the mechanical parts. 

 

 

March, 2018 

Mir Vahid AHMADIPOUR



v 

 

TABLE OF CONTENTS 

Page 

LIST OF SYMBOLS ..................................................................................................... viii 

LIST OF ABBREVIATIONS .......................................................................................... ix 

LIST OF FIGURES .......................................................................................................... x 

LIST OF TABLES ......................................................................................................... xiv 

ABSTRACT .................................................................................................................... xv 

ÖZET  .......................................................................................................................... xiii 

CHAPTER 1 

INTRODUCTION ............................................................................................................ 1 

            1.1   Literature Review .......................................................................................... 1 

            1.2   Objective of the Thesis.................................................................................. 3 

            1.3   Hypothesis ..................................................................................................... 4 

CHAPTER 2 

METHOD ......................................................................................................................... 7 

            2.1   Mechanical Design ........................................................................................ 7 

 2.1.1   Design of Hand Exoskeleton .................................................................. 7 

 2.1.2   Kinematical Analyses of Human Fingers .............................................. 9 

 2.1.3   Mechanical Mechanism Design ........................................................... 15 

            2.2   Biosensing ................................................................................................... 22 

 2.2.1   Myo Gesture Control Armband ........................................................... 22 

 2.2.2   EMG Data Signal Processing .............................................................. 23 

            2.3   Sensors ........................................................................................................ 26 

            2.4   Virtual Reality ............................................................................................. 29 

            2.5   Actuators ..................................................................................................... 32 

            2.6   Controller Unit and Cabling ........................................................................ 33 

 2.6.1   PID Control Experiment – Tuning the Controller................................ 34 



vi 

 

CHAPTER 3 

EXPERIMENTS AND THE RESULTS ........................................................................ 40 

CHAPTER 4 

CONCLUSIONS AND FUTURE WORKS ................................................................... 46 

            4.1   Conclusions ................................................................................................. 46 

            4.2   Future Works ............................................................................................... 47 

REFERENCES ............................................................................................................... 50 

APPENDIX-A 

3D PRINTING MATERIAL .......................................................................................... 52 

APPENDIX-B 

THE MEASURE OF MAN, HENRY DREYFUSS ....................................................... 54 

APPENDIX-C 

LINEAR MICRO ACTUATOR ..................................................................................... 55 

APPENDIX- D 

RESISTANCE FORCE SENSOR .................................................................................. 58 

APPENDIX-E 

L298N MOTOR DRIVER .............................................................................................. 62 

APPENDIX-F 

ARDUINO MEGA MICROCONTROLLERSCHEMATIC.......................................... 71 

APPENDIX-G 

TECHNICAL DRAWINGS OF THE MECHANICAL PARTS ................................... 72 

APPENDIX-H 

C# SCRIPTS FOR COMUNICATION WITH MYO ARMBAND ............................... 76 

APPENDIX-I 



vii 

 

C# SCRIPTS FOR COMUNICATION WITH MICROCONTROLLER ...................... 86 

APPENDIX-J 

SCRIPTS OF THE MICROCONTROLLER ................................................................. 90 

CURRICULUM VITAE ............................................................................................... 105 



viii 

 

LIST OF SYMBOLS 

 

 Ohms 

A Amperes 

S Seconds 

V Volts 

mA Milliamps 



ix 

 

LIST OF ABBREVIATIONS 

 

 

ADC Analog to Digital Conversion 

DH Denavit–Hartenberg 

DOF Degree of Freedom 

EEG Electrogastrography 

EMG Electromyography  

IMU Inertial Measurement Unit 

sEMG surface Electromyography  

SMA Sampling Moving Average 

SMA Simple Moving Average 

SNR Signal to Noise Ratio 

VE Virtual Environment 

VR Virtual Reality 



x 

 

LIST OF FIGURES 

Page 

Figure 1.1 General sections of a Cyber-physical system ................................................ 2 

Figure 1.2 Our suggested upper limb exoskeleton concept for future studies with our 

current project would be a part of it .............................................................. 4 

Figure 1.3 General overview of our concept ................................................................... 5 

Figure 1.4 Different sections of our projects ................................................................... 6 

Figure 2.1 Anatomy of human hand with the name of bones and joints of each finger . 8 

Figure 2.2 The kinematic configuration of the human hand. Each fınger includes 3 links 

and 4 degrees of freedom .............................................................................. 9 

Figure 2.3 Assumed kinematical configuration of each human hand finger…………...9 

Figure 2.4 Sampling of the finger joint angles while flexion the finger (right; thumb 

finger, left; index finger) ............................................................................. 11 

Figure 2.5 Flexion angle of different joints for the index finger while flexion mapped 

from Figure 2.4 ............................................................................................ 12 

Figure 2.6 Linear relation between PIP and MCP values ............................................. 12 

Figure 2.7 Flexion angle of different joints for the thumb finger while flexion mapped 

from Figure 2.4 ............................................................................................ 13 

Figure 2.8 Linear relation between MCP and TMC values also linear relation between 

IP and TMC values ...................................................................................... 13 

Figure 2.9 The relation between the feed ratio of dc electromotor and calculated mean 

flexion degree of each joint for the thumb finger ........................................ 15 

Figure 2.10 The relation between the feed ratio of dc electromotor and calculated mean 

flexion degree of each joint for the thumb finger ...................................... 15 

Figure 2.11 Primary concept of the exoskeleton mechanism (left), 3D printed Prototype 

of the concept (right). ................................................................................. 16 

Figure 2.12 Prepared designed parts layouts to fit in the 3D printer sintering machine16 

Figure 2.13 Primary prototype of the fingers (left), the final revision of the fingers 

mechanism (right) ...................................................................................... 17 



xi 

 

Figure 2.14 Final prototype of the hand exoskeleton .................................................... 17 

Figure 2.15 Ultimate flexion and extension position of the fingers .............................. 18 

Figure 2.16 Force and coupling condition on the index finger ..................................... 18 

Figure 2.17 Sample part of the mechanical system that static analyses applied to it .... 19 

Figure 2.18 Finite element analysis result for one of the critical parts. The factor of   

safety (up), maximum von Mises Stress (middle) and displacement amount 

(down) ........................................................................................................ 21 

Figure 2.19 The Myo gesture control armband [31] ..................................................... 22 

Figure 2.20 Anatomy of the lower arm muscles of the posterior forearm superficial 

deep teach anatomy .................................................................................. 23 

Figure 2.21 Example of MYO armband signals for random actions: (a) Absolute 

preprocessed of 8 EMG signals, (b) 4 orientation signals, (c) 3 

accelerometer signals, (d) 3 gyroscope signals ........................................ 23 

Figure 2.22 Preprocessed 8 signals tested 9 times. Each set of test recorded while 

flexion all the fingers (fist) then extension. Hand orientations are different 

for each set of test. .................................................................................... 24 

Figure 2.23 General overview of our EMG signal data handling ................................. 24 

Figure 2.24 Student's t-test statistical analysis of EMG signals between open hand and 

fist. Data are shown as mean ± SD and * P <0.05 ................................... 25 

Figure 2.25 Signal-to-Noise Ratio (SNR) detected at each electrode. .......................... 26 

Figure 2.26 The mechanical mechanism designed to apply specific loading on FSR 

sensor ......................................................................................................... 27 

Figure 2.27 Measured values of amplitude of the Resistance Force Sensor (SNR) ..... 27 

Figure 2.28 Zoom in Figure 2.27 shows a time delay after the smoothing ................... 28 

Figure 2.29 Relation between implemented force on a sensor, resistance (RFSR) and 

calculated output voltage (Vout) via voltage divider formula (2.3) ............ 28 

Figure 2.30 Collision can be detected between fingers of the virtual hand and the 3D 

objects ........................................................................................................ 29 

Figure 2.31 Designed virtual environment with the 12.8ms sampling time. The slider      

bars are inserted as an option to change the value of the flexion amount of 

the fingers.. ................................................................................................ 30 

Figure 2.32 Different modes to operate the program .................................................... 30 

Figure 2.33 The virtual hand is fully open (0% flexion), half open (50% flexion) and 

fully closed (100% flexion) ....................................................................... 31 

Figure 2.34 The method that data send to the microcontroller of the actuators ............ 31 



xii 

 

Figure 2.35 The values that transfer from the C# scripts to the microcontroller of the 

actuators ..................................................................................................... 32 

Figure 2.36 Motors and driver used as actuators: a) L298N based motor driver module; 

b) L16-P miniature linear actuator with feedback ..................................... 32 

Figure 2.37 General schematic of the controller unit .................................................... 33 

Figure 2.38 Schematic of connections between motors (U6, U7, and U8), potentiometer 

sensors (P1, P2, and P3), force sensors (S1, S2, and S3), motor drivers (U1, 

U3), 15 pin connectors and development board (U2) ................................ 34 

Figure 2.39 General overview of PID controller ........................................................... 35 

Figure 2.40 Effect of each parameter to PID controller response during time ............. 35 

Figure 2.41 Steady oscillation test of force value for tuning motor speed on thumb 

finger. The ultimate gain (Ku) = 17 and Tu = 1.36 seconds ...................... 36 

Figure 2.42 Steady oscillation test of force value for tuning motor speed on the index 

finger. The ultimate gain (Ku) = 60 and Tu = 1.03 seconds ...................... 37 

Figure 2.43 Steady oscillation test of force value for tuning motor speed on the middle 

finger. The ultimate gain (Ku) = 20 and Tu = 1.16 seconds ...................... 37 

Figure 2.44 Steady oscillation test of location feedback for tuning motor speed on 

thumb finger. The ultimate gain (Ku) = 50 and Tu = 1.33 seconds ........... 38 

Figure 2.45 Steady oscillation test of location feedback for tuning motor speed on the 

index finger. The ultimate gain (Ku) = 80 and Tu = 1.14 seconds ............ 38 

Figure 2.46 Steady oscillation test of location feedback for tuning motor speed on the 

middle finger. The ultimate gain (Ku) = 50 and Tu = 1.27 seconds .......... 38 

Figure 3.1 Completed version of the exoskeleton which contains Controller case, cable, 

EMG armband, exoskeleton and the virtual environment ........................... 40 

Figure 3.2 Different views of the exoskeleton fitted on hand. ...................................... 41 

Figure 3.3 Response of the actuator on middle finger to the position rate change from 

22 to 70. The set point values directed by the position of the middle finger 

of VR hand. ................................................................................................. 42 

Figure 3.4 Response of the actuator on thumb finger to the position rate change from 

19 to 70. The set point values directed by the position of the thumb finger 

of VR hand. ................................................................................................. 42 

Figure 3.5 Response of the actuator on index finger to the position rate change from 21 

to 70. The set point values directed by the position of the index finger of 

VR hand. ...................................................................................................... 42 

Figure 3.6 Impedance control expriment during the flexion/extension of the thumb 

finger. The flexion applied at 6.5th second and the extension applied at 

16.3th second ............................................................................................... 44 



xiii 

 

Figure 3.7 Impedance control expriment during the flexion/extension of the index 

finger. The flexion applied at 4.0th second and the extension applied at 

11.5th second ............................................................................................... 44 

Figure 3.8 Impedance control expriment during the flexion/extension of the middle 

finger. The flexion applied at 4.6th second and the extension applied at 

14.2th second ............................................................................................... 45 



xiv 

 

LIST OF TABLES 

Page 

Table 2.1  Suggested range of motion for each angles…………………………..….....8 

Table 2.2  Denavit–Hartenberg (DH) parameter table …………...……………….…10 

Table 2.3 Relation between joints of fingers during flexion ………………….…….13 

Table 2.4 Material properties applied in the static analysis ………………….…..…19 

Table 2.5 Loading and fixture conditions that considered at analysis of the part. Result 

forces indicate the reaction of applied 6.7N force for each joint …………19 

Table 2.6 Zeigler-Nicols PID tuning method selection based on ultimate oscillation 

period (Tu) and gain (Ku) ………………………………………………..36 

Table 2.7 Estimated Kp, Ti and Td values for force feedback controller by Zeigler-

Nicols PID tuning method based on ultimate oscillation period (Tu) and 

gain (Ku). …………………………………………………………..….…37 

Table 2.8 Estimated Kp, Ti and Td values for location feedback controller by Zeigler-

Nicols PID tuning method based on ultimate oscillation period (Tu) and 

gain (Ku) …………………………...……………………..………..….…39 

 

 

 

 

 

  



xv 

 

ABSTRACT 

DEVELOPING A HAPTIC HAND INTERFACE WITH FORCE 

FEEDBACK FROM VIRTUAL ENVIRONMENT AND 

CONTROLLING IT VIA EMG SIGNALS 

 

Mirvahid AHMADIPOURI NAEIM 

 

Department of Mechatronics Engineering 

MSc. Thesis 

 

Adviser: Asst. Prof. Dr. Cüneyt YILMAZ 

 

A multi-functional human-machine interface was designed to assist fingers flexion and 

extension motions. The proposed exoskeleton system may help and improve the 

rehabilitation progress of hand fingers. This system was designed with 2 degrees of 

freedom (DOF) for the thumb finger and 3 DOF for the other fingers actuated via direct-

driven linear DC actuators, which had PID position and force controllers. An 

electromyogram (EMG) armband with a built-in gyroscope and accelerometer unit 

supplies EMG and hand orientation signals to synchronize the exoskeleton hand and 

fingers with the ones designed in a three-dimensional virtual environment. In addition, 

this exoskeleton system has also a novel force sensing mechanism designed to sense 

fingertip forces and also help the motors freely follow human finger movements with a 

minimal resistance in its virtual reality applications. A contact detection method was 

developed and applied to sense the 3 dimensional (3D) objects in the virtual environment. 

The studies showed that the position and force feedback controllers suitably worked for 

both sensing the 3D virtual objects and for the mechanism’s following the user fingers’ 

movements with minimal resistance. In conclusion, such a mechanism with proposed 

special capabilities could be used to be utilized for finger rehabilitation and also haptic 

training applications. 

Keywords: Virtual Rehabilitation, Virtual Reality, Exoskeleton Device, 

Electromyography Feedback 
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ÖZET 

 

SANAL ORTAMDAN KUVVET GERİ BESLEME İLE BİR HAPTİK 

EL ARAYÜZÜ GELİŞTİRİLMESİ VE EMG SİNYALLERİ İLE EL 

PROTEZİ KONTROLÜ 

 

Mirvahid AHMADIPOURINAEIM 

 

Mekatronik Mühendisliği Anabilim Dalı 

Yüksek Lisans Tezi 

 

Tez Danışmanı: Dr.Öğr.Üyesi Cüneyt YILMAZ 

 

Parmaklara fleksiyon ve ekstensiyon hareketlerine yardımcı olmak için çok fonksiyonlu 

bir arayüz tasarlandı. Önerilen exoskeleton sistemi el parmaklarının rehabilitasyon 

ilerlemesine yardımcı olabilir. Bu sistem, baş parmak için 2 serbestlik derecesi (DOF) ve 

diğer parmaklar için 3 DOF ile PID konumu ve kuvvet kontrolörleri olan doğrudan 

tahrikli doğrusal DC aktüatörler ile çalıştırılan tasarlanmıştır. Sanal ortamda tasarlanan el 

ile senkronize olmak için bir elektromiyogram (EMG) kol bantı ve yerleşik bir jiroskop 

ve ivme ölçer üniteleri, el yönlendirme sinyalleri sağlar. Ayrıca, bu dış iskelet sistemi, 

parmak ucu kuvvetlerini algılamak için ve aynı zamanda sanal gerçeklik uygulamalarında 

küçük bir dirençle motorların insan parmak hareketlerini serbest takip etmesine yardımcı 

olan yeni bir kuvvet algılama mekanizmasına da sahiptir.Sanal ortamda 3 boyutlu (3D) 

nesneleri algılamak için bir tespit yöntemi geliştirildi ve uygulandı. Bazı sanal gerçeklik 

uygulamaları için pozisyon ve kuvvet verileri elde etmek için, önerilen bir dış iskelet 

mekanizmasının normal bir kişi üzerindeki temel deneysel çalışmaları yapılmıştır. 

Mekanik ve sanal sistem arasındaki gecikme, kullanıcı tarafından önemli ölçüde 

hissedilmeyen 13 milisaniye olarak belirlendi. Çalışmalar, konum ve kuvvet geri bildirimi 

denetleyicilerinin, hem 3D sanal nesneleri algılamak için hem de mekanizmanın kullanıcı 

parmaklarının hareketlerini az dirençle takip etmesi için uygun şekilde çalıştığını 

gösterdi.Sonuç olarak, önerilen özel yeteneklere sahip bir mekanizma, parmak 

rehabilitasyonu ve haptik eğitim uygulamaları için kullanılabilir.  

Anahtar Kelimeler: Sanal Rehabilitasyon, Sanal Gerçeklik, Dış iskelet Cihazı, 

Elektromiyografi 

YILDIZ TEKNİK ÜNİVERSİTESİ FEN BİLİMLERİ ENSTİTÜSÜ 
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CHAPTER 1 

INTRODUCTION 

1.1 Literature Review 

What is the Bio-mechatronic?! From the beginning of the first wheel invention, 

technology has passed long way at the time. The technology passed different eras from 

Hunting to agrarian and then Industrial era. Industrial era itself can be categorized into 

five different levels. Nowadays, by the means of the robotic developments, bio-

mechatronic has an important effect on the Industry 4.0 framework [1]. Exoskeletons are 

one of the examples of bio-mechatronic enhancements. Exoskeletons are wearable robots 

which have the capability to collaborate with human body actions and machine by 

translating them to each other. In bio-mechatronics, enhancing a user to exoskeletons can 

develop and support motor functions of his / her muscles. Exoskeletons should be 

compliant with the user’s movements and sense at least part of the motor force necessary 

to accomplish the movements. As a result, it can help a user to have better performance 

[2, 3] or even open new opportunity to develop robots which can be useful for patient 

rehabilitation [4]. On the other hand, developing a virtual environment interacting with a 

user, can make new opportunity to simulate a specific environment [5] such as training 

[6] or clinical rehabilitation proposes [7]. Furthermore, virtual environment can pair with 

an exoskeleton to get haptic feedback which has the capability to operate robotic hand 

from the distance [8]. General sections of a Bio-mechatronic system are shown in Figure 

1.1. Following paragraphs will talk about the previous researches have been done about 

bio-mechatronics. Based on our main field of interest, most of the collected kind of 

literature is focused on hand exoskeleton, especially for rehabilitation applications. The 

reason for this interest will be described in next sections. 
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Figure 1.1 General sections of a Cyber-physical system 

Based on our main interest on some of the researchers focused on design concept and 

control system of a biomechatronic system for rehabilitation propose. Instance, 

Physiotherabot/WF [9] which is a 3 Degree of freedom (DOF) upper limb rehabilitation 

robot that can perform the pronation/supination movement for a forearm, 

abduction/adduction and flexion-extension movements for the wrist. It can perform 

passive, active assisted, isotonic, isometric and isokinetic exercises. Some attempts 

focused on design VR environment to be able to integrate with an exoskeleton, MHaptic 

[10] presents a library for bimanual force feedback haptic interaction within generic C++ 

based on the virtual environments.  

The methods which mentioned above are items for a general concept to complete a 

biomechatronic system. RML glove [11] is a good example would integrate all sections 

together to design haptic interface cable transmission system that fits on a hand and 

provides haptic force feedback to each finger maximum 12N of the hand without 

constraining their movement. A portable haptic master hand developed [12], utilizes a 

mechanical tape brake at the rolling-link mechanism for passive force feedback which 

allows fast natural finger movements which connected to a C++ based VR. The virtual 

world consists of a simple finger model with 4 DOFs and a straight wall and circular 

object for touching. In other designs, the mechanical mechanism may consist of 

individual resistive forces to the extension/flexion of the fingers through serial kinematics 

chains attached to the distal phalanges of the fingers [13] using under-actuated hand 

exoskeleton. The exoskeleton has been integrated into a VR hand environment where a 

virtual representation of the users’ hand while grasping and manipulating virtual objects, 

is displayed. Exoskeleton finger with three points of attachment to the operator's finger 

using tendon transmission mechanism that all together can be worn as a glove by the user 

[14]. Feedback controllers and haptic interface for Virtual Environments or Tele-

manipulation are designed for step input force of varying in a range between 100mN and 

500mN. Using similar VR environment are common in the most of the researchers. But 

other mechanisms are quite different. For example, Glove Prototype with steel leaf 

springs, finger tension cords, bending sensor, hand plate, tension-cord stops, metal wrist 

torque transmission, wrist tension cords, and forearm cuff designed [15]. The main goal 
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is to demonstrate design and development steps involved in a complex intervention while 

examining the feasibility of using an instrumented orthotic device for home-based 

rehabilitation after stroke. Other researchers although improve 7- DOF arm exoskeleton, 

controlling a VR hand for an astronaut in microgravity, supporting the telemanipulation 

with force feedback of anthropomorphic robotic arms [16]. 

One of the most important subjects of the biomechatronic is to sense signals from the 

limb which connected to a cyber system. There are Electromyography (EMG) is 

frequently used to monitor the motor power of the special muscles [17-19]. 

Electrogastrography (EEG) is another method to sense magnetic field around the brain to 

interact with an exoskeleton or VR [20, 21]. Collected data from these biosensors are 

mostly filtered and interpret by Analog to Digital Conversion (ADC) [22] or Artificial 

intelligence methods [23]. Image processing methods although used for the kinematical 

mapping [24, 25]. 

The result of a review of the mentioned works of the literature presents a big research 

assay to build complete passive and active human-machine interface, especially for 

rehabilitation aims. Following, we will explain the general concept of our project and the 

reasons.  

1.2 Objective of the Thesis 

Hand exoskeleton that helps the user to perform movements in real, can be more effective 

to reinstate neuroplasticity and improves motor functions when compared with 

conventional physiography training. According to evidences, robotic therapy combined 

with traditional therapy programs can enhance functional motor learning [26-28]. On the 

other hand, haptic virtual enrolments would make a good procedure simulator, especially 

for surgery.  

Our device could also be applied in the area of rehabilitation of stroke or spinal cord 

injury patients. It could reduce the number of therapists needed by allowing even the most 

impaired patient to be trained by one therapist, whereas several are currently needed. 

Also, training could be more uniform, easier to analyze retrospectively and specifically 

customized for each patient. Moreover, an exoskeleton can be worn like a glove through 

the arm. Nowadays, in the rehabilitation of stroke or spinal cord injury patients, it could 

be used as an active manual orthosis. 
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Implementation of the haptic feedback into robotic surgical systems can transform the 

physician’s user experience by enabling identification of different tissue structures, 

preventing tissue damage, ensuring correct suture placement and decreasing task 

completion time. In the medical field, it can be used for enhanced precision during 

surgery. Implementation of this device into medical devices can benefit practitioners, 

patients, and device manufacturers. For a medical practitioner, using instrumentation and 

hand tools with haptics helps improve confidence by providing immediate feedback via 

haptics alerts and force feedback to help guide the procedure, ultimately reducing errors 

by reinstating the sense of touch. 

1.3 Hypothesis 

All mentioned reasons claim that achieving the biomechatronic technology must lead to 

start to research more detailed subjective that included in a biomechatronic system. 

Moreover, as shown in Figure 1.2 developing our project as a haptic hand interface with 

force feedback and virtual environment would be part of full upper limb exoskeleton 

including joints of the arm for the future studies. 

 

Figure 1.2 Our suggested upper limb exoskeleton concept for future studies with our 

current project would be a part of it 

Our project is a multifunctional exoskeleton which includes all necessary sections of a 

complete biomechatronic system with all sections shown in Figure 1.2. A novel bar-

linkage mechanical mechanism will be designed to perform most of the finger functions 

with three direct drive DC motors. Details will be described in section 2.1 of chapter 2. 

The mechanical exoskeleton will work both in active and passive modes depending on 

applied force form Real hand or collision in VR environment.  
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Using EMG for the arm muscles, and Force sensors for three of fingers and although 

sensors to detect orientation and accelerations of the arm hand will help us to interact VR 

hand with a real hand.    

One virtual hand in a configurable 3D environment will be designed. The VR hand will 

be able to move around. This makes capability for easy software development both in VR 

and Augmented Reality (AR) for future researchers. The VR fingers will flex and extent 

by analyzing EMG signals and applied forces to exoskeleton by an active hand. EMG 

sensors can recognize hand movements although from other person or left hand to the 

stroke hand which is unable to move fingers.  Moreover, it has the capability to connect 

to a tele-controllable robot which can mimic the movements of the human hand. 

 

Figure 1.3 General overview of our concept 

Our project can be used as a portable rehabilitation device for people who have the 

problem with flexion and extension in their own daily life. On the other hand, the main 

function of a powered exoskeleton is to assist the wearer in boosting their strength and 

endurance. It could also be applied in the area of rehabilitation of stroke or spinal cord 

injury patients. 

This master thesis specifically describes the mechanical, electrical, programming and 

control design of the exoskeleton. Moreover, it presents an experimental trial with a 

healthy volunteer and also the data characterizing the different types of control 

implemented for the device. This document organized into four chapters. Chapter 1 

presents an introduction and literature review in the field of exoskeletons for rehabilitation 

and understanding the framework of this thesis. Chapter 2 describes all the technical and 

mathematical aspects of the exoskeleton as shown in Figure 1.4. This chapter shows 
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Mechanical designs which contain Right Hand Exoskeleton and three dc motors, software 

programming includes Virtual Environment and C# scripts although hardware including 

Arduino controller, dc motor drivers, Force Sensors, and Bio-sensors. Chapter 3 describes 

the experiments and the results. Finally, Chapter 4 presents a conclusion and the future 

work planned for the use of the exoskeleton in the rehabilitation field. 

Virtual Environment

R
ig

h
t H

an
d

 E
x
o

sk
eleto

n

User Hand

M
o

to
r  A

M
o

to
r  B

M
o

to
r  C

Thalmic Lab. MYO

EMG SignalsIMU 

Signals

Preprocessing and filtering 
signals 

Analog-to-Digital Converter 

A
rd

u
in

o

Smoothing data

Driver C

Force Sensor C

Linear Location

Objects

Virtual Hand

C# scrip 
Driver C

Force Sensor C

Linear Location

Driver C

Force Sensor C

Linear Location

 

Figure 1.4 Different sections of our projects 
 



7 

 

CHAPTER 2 

METHOD 

In this chapter, we detailed the mechanical design which consisted of the right-hand 

exoskeleton mechanism and 3 dc motors to actuate the fingers, and electronic hardware 

design including microcontroller, dc motor drivers, force sensors, and bio-sensors, and 

then the software design including a simple virtual environment and the controller scripts. 

2.1 Mechanical Design 

2.1.1 Design of Hand Exoskeleton 

The general concept of the 3D exoskeleton model was developed based on the linkage 

mechanism in which the fingers were actuated by three linear motors.  Two motors work 

for the thumb and the index fingers, while the third motor moves the other 3 fingers 

(middle, ring, and little ones) together on the exoskeleton mechanism.   

Before a detailed explanation of the general concept, that’s ought to focus on basic 

biomechanical specifications of a human hand. As shown in Figure 2.1, the fingers 

include four kinds of bones, except the thumb has 1 boneless. Moreover, the kinematic 

configuration of the human hand represents 3bar links and 4 DoF in joints of each finger, 

as shown in Figure 2.2 We use the information in Table 2.1 suggestingthe range of motion 

for the angles of each joint [29].  
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Distal Phalanx

Proximal Phalanx

Metacarpal
Metacarpal

Proximal Phalanx

Distal Phalanx

Middle Phalanx

Distal Interphalangeal ( DIP )

Proximal Interphalangeal ( PIP )

Metacarpophalangeal ( MCP )

Carpometacarpal ( CMC )

Trapeziometacarpal ( TMC )

Metacarpophalangeal ( MCP )

Interphalangeal (IP )

Thumb

Index

Middle

Ring

Little

 

Figure 2.1 Anatomy of human hand with the name of bones and joints of each finger 

  

Table 2.1 Suggested range of motion for each angles [29] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Finger Joint Flexion Extension 
Abduction 

/Adduction 

Thumb 

TMC 50° -  90° 15° 45° -  60° 

MCP 75° -  80° 0° 0° 

IP 75° -  80° 5° -  10° 0° 

Index 

MCP 90° 30° -  40° 60° 

PIP 110° 0° 0° 

DIP 80° - 90° 5° 0° 

Middle 

MCP 90° 30° -  40° 45° 

PIP 110° 0° 0° 

DIP 80° - 90° 5° 0° 

Ring 

MCP 90° 30° -  40° 45° 

PIP 110° 0° 0° 

DIP 80° - 90° 5° 0° 

Little 

MCP 90° 30° -  40° 50° 

PIP 135° 0° 0° 

DIP 90° 5° 0° 
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DIP

PIP

MCPIP

MCP

TMC

thumb

thumb

thumb

index

index

index

DIP
middle

DIPring

DIPlittle

PIP
middle

MCPmiddle

PIPring

MCPring

PIP

MCP

little

little

END
index

END

END

END

middle

ring

little

 

Figure 2.2 The kinematic configuration of the human hand. Each fınger includes 3 links 

and 4 degrees of freedom 

2.1.2 Kinematical Analyses of Human Fingers 

Regarding the mechanism of our exoskeleton, all the joints rotate only around one ax. So 

all of the fingers have similar calculations. We can assume kinematical analyses as three 

rotation (3R) for each finger joint which shown in Figure 2.3 to be used to make Table 

2.2. 

x

z
yθ

0

1a

x

z
yθ

1

2a

x

z
yθ

2

3a

x

z
y

3

 

Figure 2.3 Assumed kinematical configuration of each human hand finger 

 



10 

 

Table 2.1 Denavit–Hartenberg (DH) parameter table 

 

 

 

 

Using DH parameter (Table 2.2), Equation (2.1) is direct kinematical analyses for each 

Link-Coordinate transformation of each finger is represented from equations (2.2-2.5) to 

get equation (2.6).  

𝑇k−1
k = [

𝐶𝜃k

𝑆𝜃k

0
0

−𝐶𝛼k 𝑆𝜃k

𝐶𝛼k 𝐶𝜃k

𝑆𝛼k

0

𝑆𝛼k 𝑆𝜃k

−𝑆𝛼k 𝐶𝜃k1

𝐶𝛼k

0

𝑎k 𝐶𝜃k

𝑎k 𝑆𝜃k

𝑑k

1

] 

 

 
(2.1) 

𝑇0
1 = [

𝐶𝜃0

𝑆𝜃0

0
0

−𝑆𝜃0

𝐶𝜃0

0
0

0
0
1
0

0
0
0
1

]  (2.2) 

𝑇1
2 = [

𝐶𝜃1

𝑆𝜃1

0
0

−𝑆𝜃1

𝐶𝜃1

0
0

0
0
1
0

𝑎1

0
0
1

]  (2.3) 

𝑇2
3 = [

𝐶𝜃2

𝑆𝜃2

0
0

−𝑆𝜃2

𝐶𝜃2

0
0

0
0
1
0

𝑎2

0
0
1

]  (2.4) 

𝑇3
END = [

1
0
0
0

0
1
0
0

0
0
1
0

𝑎3

0
0
1

]  (2.5) 

𝑇0
END = [

𝐶012

𝑆012

0
0

−𝑆012

𝐶012

0
0

0
0
1
0

𝑎1 𝐶0 + 𝑎2𝐶01 + 𝑎3𝐶012

𝑎1 𝑆0 + 𝑎2𝑆01 + 𝑎3𝑆012

0
1

]  (2.6) 

To simplify the equation (2.6), we trace the fingers angles while flexion which is shown 

in Figure 2.4. We complete Figure 2.5 for an index finger and  Figure 2.7 for a thumb 

Joint 

i 
Thumb finger Other fingers θ𝑖  𝑑𝑖 𝑎𝑖−1 𝛼𝑖−1 

0 TMC MCP 𝜃0 0 0 0 

1 MCP PIP 𝜃1 0 𝑎1 0 

2 IP DIP 𝜃2 0 𝑎2 0 

3 END END 0 0 𝑎3 0 
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finger. Using data in Figure 2.6 and Figure 2.8 can help us to find the approximate relation 

between extension/flexion angles of the joints in a finger. 

 

  

Figure 2.4 Sampling of the finger joint angles while flexion the finger (right; thumb 

finger, left; index finger) 
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Figure 2.5 Flexion angle of different joints for the index finger while flexion mapped 

from Figure 2.4 

 

Figure 2.6 Linear relation between PIP and MCP values 

As seen in Figure 2.5, MCP and DIP values are approximately equal in different positions. 

The relation between MCP and PIP values in Figure 2.6 can make linear relation with 

0.992 R-squared value. To simplify the calculations, these relations can be generalized to 

middle, ring and little fingers too.  

The same procedure applied to get the relation between the joints of thumb finger 

individually, which presented in Figure 2.7 and Figure 2.8. 

Position 1 Position 2 Position 3 Position 4

MCP 4 12 31 53

PIP 12 29 53 95

DIP 10 13 27 52
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Figure 2.7 Flexion angle of different joints for the thumb finger while flexion mapped 

from Figure 2.4 

 

Figure 2.8 Linear relation between MCP and TMC values also linear relation between IP 

and TMC values 
 

Table 2.2 Relation between joints of fingers during flexion  

Thumb Index, Middle, Ring, Little 

TMC MCP 

MCP = 0.66 TMC + 33.03 PIP = 1.64 MCP + 6.18 

IP = 3.47 TMC - 5.89 DIP = MCP 

 

Replacing the results of Table 2.3 into the formula (2.6) we can produce mathematical 

maximum (x,y) values for the endpoint of fingertips : 

Position 1 Position 2 Position 3 Position 4

TMC 2 7 9 15

MCP 34 36 42 42

IP 5 10 28 48

0
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E
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) 

IP = 3.47 TMC - 5.89

R² = 0.915
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R² = 0.747
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{

𝑥 = 𝑎MC𝐶𝑜𝑠(𝑇𝑀𝐶) + 𝑎𝑃𝑃𝐶𝑜𝑠(𝑇𝑀𝐶 + 𝑀𝐶𝑃) + 𝑎𝐷𝑃𝐶𝑜𝑠(𝑇𝑀𝐶 + 𝑀𝐶𝑃 + 𝐼𝑃)

𝑦 = 𝑎MC𝑆𝑖𝑛(𝑇𝑀𝐶) + 𝑎𝑃𝑃𝑆𝑖𝑛(𝑇𝑀𝐶 + 𝑀𝐶𝑃) + 𝑎𝐷𝑃𝑆𝑖𝑛(𝑇𝑀𝐶 + 𝑀𝐶𝑃 + 𝐼𝑃)
 (2.7) 

 

For thumb finger (TMC = 15°) ∶ 

{
MCP =  31.12 (15)0.1104 = 41.96 

IP =  3.47 (15) −  5.89 = 46.16  

 

 

→  {
𝑥 = 40 𝐶𝑜𝑠(15) + 30 𝐶𝑜𝑠(56.96) + 20 𝐶𝑜𝑠(103.12) =  −19.91

𝑦 = 40 𝑆𝑖𝑛(15) + 30 𝑆𝑖𝑛(56.96) + 20 𝑆𝑖𝑛(103.12) = 48.50       
 

 

For index finger (MCP = 53°) ∶ 

{
MCP =  1.64 (53) +  6.18 = 41.96 

DIP =  53                                                 

 

 

→  {
𝑥 = 40 𝐶𝑜𝑠(53) + 20 𝐶𝑜𝑠(146.1) + 20 𝐶𝑜𝑠(199.1) =  −44.67

𝑦 = 40 𝑆𝑖𝑛(53) + 20 𝑆𝑖𝑛(146.1) + 20 𝑆𝑖𝑛(199.1) = 17.34       
 

 

For middle finger (MCP = 53°) ∶ 

{
MCP =  1.64 (53) +  6.18 = 41.96

DIP =  53                                                 

 

 

→  {
𝑥 = 50 𝐶𝑜𝑠(53) + 25 𝐶𝑜𝑠(146.1) + 20 𝐶𝑜𝑠(199.1) =  −53.93

𝑦 = 50 𝑆𝑖𝑛(53) + 25 𝑆𝑖𝑛(146.1) + 20 𝑆𝑖𝑛(199.1) = 26.30       
 

 

  

Flowing graphs in Figure 2.9 and Figure 2.10 represents the relation between the feed 

rate of dc electromotor and calculated mean flexion degree of each joint of the fingers. 

Flexion degree is in radians which are calculated by the relations in Table 2.3. The dc 

electromotor actuators have 10-bit position sensor which the end of the stroke is 

represented by the max value as 100.  
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Figure 2.9 The relation between the feed ratio of dc electromotor and calculated mean 

flexion degree of each joint for the thumb finger 
 

 

Figure 2.10 The relation between the feed ratio of dc electromotor and calculated mean 

flexion degree of each joint for the thumb finger 

2.1.3 Mechanical Mechanism Design 

Variety of concepts designed during the project to cover our scope as described in 

previous chapter. The base of the concept designed upon bar linkage system. Different 

concepts designed and prototyped as Figure 2.11 the results are satisfying the mechanism. 

But it needs some editions to fit well over the hand. A general problem caused by banded 

hinge system over finger joints which eliminated exoskeleton to fit over different hands 

sizes. Thanks to 3D printing technology, enabled the fast and flexible production of parts 

directly from 3D CAD data. PA 2200 powder was selected as a 3D printing material 
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which is explained in Appendix-A. The printing process is done by a laser sintering 3d 

printer. The result shows it can take small impacts and resist some pressure while being 

bent. 3D printed parts assembled successfully. Figure 2.12 shows how we prepared the 

designed parts into the laser sintering 3D printer as STL file format. 

 

Figure 2.11 Primary concept of the exoskeleton mechanism (left), 3D printed Prototype 

of the concept (right). 
 

 
Figure 2.12 Prepared designed parts layouts to fit in the 3D printer sintering machine 

At the last mechanical design revision, hinged linkages between the fingers removed 

showed in Figure 2.13 which help the hand to fit in various hands sizes. The revised 

mechanism is covered our required range of motions for fingers which calculated above 

( Figure 2.14 ). The next step will help us to calculate static analyses of the critical 

mechanical parts. The technical dimensions of the parts are available in APPENDIX – G. 
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Figure 2.13 Primary prototype of the fingers (left), the final revision of the fingers 

mechanism (right) 
 

 

Figure 2.14 Final prototype of the hand exoskeleton 
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Figure 2.15 Ultimate flexion and extension position of the fingers 

In order to choose appropriate static force, we calculate the perpendicular to phalange 

axis. [30] calculated continuous maximum force perpendicular to fingertips from 8 to 15 

newtons. But regarding our limitations on the electromotor selectin, we assume to 

calculate the ultimate motor force of 100N according to APPENDIX – C. The critical 

condition is also assumed as shown in Figure 2.16. Calculation (2.8) represents the 

maximum impact force which all the arts should tolerate and (2.9) is the maximum 

applied momentum. 

 

Figure 2.16 Force and coupling condition on the index finger 

𝐹𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒 =  
26 (100) cos(77)

89 cos(11)
=  6.7𝑁   

 (2.8) 

𝑀𝑚𝑎𝑥. =  0.089 (6.7) cos(11) =  0.58 𝑁/𝑚    (2.9) 

Static analysis was done by COSMOS add-in software in Solidworks software. The aim 

of the analysis is to find the minimum sectin for the bars and hinges. As a sample, one of 

the parts is selected for the analysis which shown in Figure 2.17. Material properties for 

the analysis are also presented in Table 2.4.  
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Figure 2.17 Sample part of the mechanical system that static analyses applied to it 
 

Table 2.3 Material properties applied in the static analysis 

 

 

 

 

 

 

 

 

 

Force and fixture condition on Table 2.3 are the ones that applied to finite element 

analysis. In Figure 2.18 the finite element analysis result for one of the critical parts with 

the described material which shows minimum 535.4 value for the factor of safety (FOS), 

maximum von Mises Stress of 4.186 e+6 which is smaller than the yield strength  and 

displacement amount. 

 

 

 

 

 

Name: Nylon 12 PA 

Model type: Linear Elastic Isotropic 

Default failure criterion: Max von Mises Stress 

Yield strength: 2.241e+009 N/m^2 

Tensile strength: 3.6e+007 N/m^2 

Elastic modulus: 2.896e+009 N/m^2 

Mass density: 1250 kg/m^3 
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Table 2.18 Loading and fixture conditions that considered at analysis of the part. Result 

forces indicate the reaction of applied 6.7N force for each joint. 

`Load name Load Image Load Details 

Force 

 

Entities: 2 face(s) 

Type: Apply force 

Values: ---, ---, 6.7 N 
 

Fixture name Fixture Image Fixture Details 

Fixed Hinge 

 

Entities: 1 face(s) 

Type: Fixed Hinge 
 

Resultant Forces 

Components X Y Z Resultant 

Reaction force(N) 6.4901 3.3121 -0.0004618 7.2863 
 

Fixed 

 

Entities: 1 face(s) 

Type: Fixed Geometry 
 

Resultant Forces 

Components X Y Z Resultant 

Reaction force(N) 4.6196 4.2118 0.0006085 6.2514 
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Figure 2.18 Finite element analysis result for one of the critical parts. The factor of 

safety (up), maximum von Mises Stress (middle) and displacement amount (down) 
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2.2 Biosensing 

2.2.1 Myo Gesture Control Armband 

The electromyography (EMG) is the base of our biosensing data that transfer conditions 

of the motor muscles interacting with the fingers flexion. As shown in the Figure 2.19, 

Myo gesture control armband gets motor interactions by 8 medical grade stainless steel 

sEMG(surface electromyography) sensors [31]. Similar to other surface electrodes, the 

EMG signals returned by the sensors represent the electric potential of the muscles as a 

result of muscle activation [32]. It senses the signals of the arm muscles which motors the 

fingers ( Figure 2.20 ). The electric potential of muscle is small by the range of sub 

millivolts. So, signals are sensitive to other sources of electrical noise such as electrical 

noise induced by wall-electricity. The range of potentials provided by the Myo armband 

is between -128 and 128 in units of activation measured by the EMG sensors. The Myo 

armband is capable of pulling EMG data at a sample rate of 200Hz. The Myo armband 

also has a nine-axis inertial measurement unit (IMU) which contains a three-axis 

gyroscope, three-axis accelerometer, and a three-axis magnetometer [31] Figure 2.21 

shows an example of MYO armband signals for random actions.The orientation data 

indicates the positioning of the armband in terms of roll, pitch, and yaw. The angular 

velocity of the armband is provided in a vector format and the accelerometer represents 

the acceleration the Myo armband is undergoing at a given time. However, the Myo 

armband is better suited for determining the relative positioning of the arm rather than the 

absolute position, a consideration to be aware of when applying pattern recognition 

algorithms. The Myo armband is able to pull IMU data at a sample rate of 50Hz [31]. 

 

Figure 2.19 The Myo gesture control armband [31] 

Myo armband has built-in 250-mA/hr chargeable battery. EMG sensors using 

STMicroelectronics 78544 IC that is undefined but enhanced a signal conditioner and 
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amplifier. The main board comprises primarily the USB 2.0 port. The data transmit data 

using Nordic Gazelle 2.4 GHz protocol Bluetooth antenna [33].   

 

Figure 2.20 Anatomy of the lower arm muscles of the posterior forearm superficial deep 

teach anatomy 
 

 
Figure 2.21 Example of MYO armband signals for random actions: (a) Absolute 

preprocessed of 8 EMG signals, (b) 4 orientation signals, (c) 3 accelerometer signals, 

(d) 3 gyroscope signals 
 

2.2.2 EMG Data Signal Processing 

Examining of EMG rough data during full fingers flexion and extension in different arm 

orientations ( Figure 2.22 ) shows although the motor activity of fingers is recognizable 
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in the sensors placed near the related muscles, it needs to process and filter the noisy 

signals. Based on C# scripting, the rough data streaming was done by using ThalmicHub 

library as a connection channel. This library allows access to one or more Myo armbands. 

The general overview of  the algorithim we used for processing EMG signals is shown in 

Figure 2.23.  

 

Figure 2.22 Preprocessed 8 signals tested 9 times. Each set of test recorded while flexion 

all the fingers (fist) then extension. Hand orientations are different for each set of test. 
 

EMG signals

Sampling ScalingSmoothing

Calibration
SNR 

filtering

Actuate

 

Figure 2.23 General overview of our EMG signal data handling 

During the smoothing preprocess, first, the absolute value of streamed data calculated. It 

performs the amplitude of streamed value for each EMG sensor. Then, we discrete the 

values to 50 Hz of the sampling rate. The smoothing is done by using Sampling Moving 

Average ( SMA ) method [34] for 30 data samples. At the last step, we normalized the 

result between 0 to 100 as a percentage of fingers flexion which applies to actuate the dc 

Sensor 1 

Sensor 2 

Sensor 3 

Sensor 4 

Sensor 5 

Sensor 6 

Sensor 7 

Sensor 8 

Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Test 9 
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motors and VR hand, but the input value needs to be calibrated once before normalizing. 

At this step, the smoothed value of each EMG sensor streamed for a specified period of 

time while the flexion of the fingers is 100% ( fist position). Then, mean average value 

for each sensor, is calculated. We repeat this procedure again while flexion is near 0% 

(Open hand position).  

To get the better understanding of the Figure 2.23, we used statistical Student’s t-test to 

compare 8 EMG signals while fist position and open hand position. As shown in Figure 

2.24, each electrode gives statistically different signals according to different conditions. 

Nevertheless, Signal-to-Noise Ratio (SNR) analysis was also performed on these data 

sets. Generally, it is stated that the signals with 12 dB of SNR are very noisy, those with 

12 to 20 dB are normal, those with 20 dB are better. Accordingly, as is shown in the 

Figure 2.25, the data obtained from 1,2 and 8th EMG electrodes are more clear. 

In our program, to filter any noisy sensor values and also the dislocation of the Armband, 

on the next step, Signal to Noise Ratio (SNR) values are calculated according to formula 

(2.1). It is the name of EMG sensor. The sensors below the threshold are ignored and the 

remains are sum together. Formula (2.2) and (2.3) are used to get Upper Control Limit 

(UCL) and Lower Control Limit (LCL). Formula (2.4) scales the LCL and UCL between 

0 to 100 and defines the sum of the new incoming values inside this domain. 
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Figure 2.24 Student's t-test statistical analysis of EMG signals between open hand and 

fist. Data are shown as mean ± SD and * P <0.05 
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Figure 2.25 Signal-to-Noise Ratio (SNR) detected at each electrode. 

 

𝑀𝑒𝑎𝑛 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑆𝑒𝑛𝑠𝑜𝑟 𝑖 𝑤ℎ𝑖𝑙𝑒 𝑔𝑟𝑎𝑠𝑝

𝑀𝑒𝑎𝑛 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑆𝑒𝑛𝑠𝑜𝑟 𝑖 𝑤ℎ𝑖𝑙𝑒 𝑜𝑝𝑒𝑛 ℎ𝑎𝑛𝑑
  ≥ 𝑇ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑  

 
(2.1) 

𝑈𝐶𝐿 = ∑ 𝑀𝑒𝑎𝑛 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑆𝑒𝑛𝑠𝑜𝑟 𝑖 𝑤ℎ𝑖𝑙𝑒 𝑔𝑟𝑎𝑠𝑝

8

𝑖=0

 
 

(2.2) 

𝐿𝐶𝐿 = ∑ 𝑀𝑒𝑎𝑛 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑆𝑒𝑛𝑠𝑜𝑟 𝑖 𝑤ℎ𝑖𝑙𝑒 𝑜𝑝𝑒𝑛 ℎ𝑎𝑛𝑑

8

𝑖=0

 
 

(2.3) 

𝐴𝑐𝑡𝑢𝑎𝑡𝑒 =
100 ( ∑ (𝑆𝑀𝐴)𝑖 − 𝐿𝐶𝐿8

𝑖=1 )

𝑈𝐶𝐿 − 𝐿𝐶𝐿
 

 
(2.4) 

2.3 Sensors 

FSR 400 Short Tail is the model of force sensor that used in the design. Technical details 

about the sensor attached in APPENDIX – D. The force sensors are implemented to a 

mechanical mechanism to detect applied force in both directions during fingers flexion 

and extension. As shown in Figure 2.26, the stroke of movement balanced in the middle 

which effects the balanced force ( threshold ). We can manually tune the balanced force 

using screw shaped mechanical part at the top of the moving element. Backlash 

movement applied by a spring and the forward movements are applied by two springs. 

The measured values are defined as impedance controller which used to control motor 

position and velocity which is shown in Figure 2.27. In the current figure, measured 

amplitude belongs to the Resistance Force Sensor (RFS) which linked to the index finger. 

To smooth the data, The Simple moving average ( SMA ) for the  25 samples in each 

period applyed too. SMA process causing a time delay which shown in Figure 2.28. From 
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the time value, 0 to 200 sensor is in the steady condition. During the flexion, the amplitude 

reduces to reach below 350 units where the spring displacement was 3mm. On the other 

hand, the value change after 1200, caused by finger extension or physical resistance. 

 

Figure 2.26 The mechanical mechanism designed to apply specific loading on FSR 

sensor 

 

 

Figure 2.27 Measured values of amplitude of the Resistance Force Sensor (SNR)  
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Figure 2.28 Zoom in Figure 2.16 shows a time delay after the smoothing 
 

To calculate the applied forces to sensor we include our configurations to the voltage 

divider formula (2.4) from the information in APPENDIX – D. In this formula, 10kΩ 

used for resistant and 4.87v as the input voltage. Figure 2.29 is obtained by using the 

information on Figure 2.27.  

 

Figure 2.29 Relation between implemented force on a sensor, resistance (RFSR) and 

calculated output voltage (Vout) via voltage divider formula (2.3) 
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2.4 Virtual Reality 

One another part of the project is to create a Virtual Environment (VE). We need  VE as 

visual interface between programmed scripts and the operator which can simulate the 

hand gesture in a VE. Using the Unity® programing language helped us to compile C# 

scripts to control a VE.  

 

Figure 2.30 Collision can be detected between fingers of the virtual hand and the 3D 

objects 

Some virtual objects have been included in the virtual environment in order to be touched 

and moved by the virtual hand (Figure 2.30). In the virtual environment interface, the 

sampling time is 12.8 ms. The slider bars are inserted as an option to change the value of 

the flexion amount of the fingers ( Figure 2.31 ). In addition, exoskeleton hand 

movements can be observed in this virtual environment, and the forces applied to the 

virtual hand in scenarios designed in the virtual environment can be felt by the user by 

being feedback onto the exoskeleton. For example, as shown in Figure 2.33, when the 

virtual hand grasps a virtual round object, it can be applied to the fingers of the user using 

the outer skeleton to force the linear object to feel as though the virtual object is actually 

holding it. 

As shown in Figure 2.32, there are 3 options for the interface between exoskeleton and 

virtual environment. SLIDERS option activate the slider bars to change the value for the 

flexion amount of the virtual fingers and exoskeleton fingers. EMG gets the positions of 

the exoskeleton fingers via the armband. EXO activate the exoskeleton motors to change 

the virtual fingers positions. The Calibration menu calibrates the EMG signal values. “Get 

Rest Value” and “Get Fist Value” logs EMG signals as upper control limit (UCL) and 

lower control limit (LCL). “ Save and exit” button apply the values to the calibration 

scripts which LCL and UCL scaled as 0 to 100. According to our algorithm on Figure 
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2.32 all the input data processed to be between these 0 to 100. Then the fingers flexions 

amount would send to VR hand ( Figure 2.33 ) and as scaled position reference to 

electromotor actuators on the exoskeleton.  

 

Figure 2.31 Designed virtual environment with the 12.8ms sampling time. The slider 

bars are inserted as an option to change the value of the flexion amount of the fingers.  

 

 

Figure 2.32 Different modes to operate the program 
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Figure 2.33 The virtual hand is fully open (0% flexion), half open (50% flexion) and 

fully closed (100% flexion) 

As described above, the calculated values are also transferred to the microcontroller of 

the actuators. The transfer is done via COM port. Because we need to read values from 

the force and Potentiometer of each actuators we have to open the port before sending 

data and then close the port to make sure all data transferred completely. So we send data 

as a pack with a pointer before and after the main data as shown in Figure 2.34 and Figure 

2.35. In the Figure 2.35, we used “<” character to show the start of the data and ”>” 

character to inform the end of the data pack to wait to read data from the microcontroller. 

“Mode of the program”  informs the exoskeleton bout the operation mode that described 

in Figure 2.32 ( APPENDIX – G and APPENDIX – H ). 

"<" + "0 "+  " ," Th um b fi ng er  f le xio n am ou nt " ," In de x fi ng er  f le xio n am ou nt " ,"

Mid dl e fi ng er  fl ex io n am ou nt " ," Th um b fi ng er  co ll is io n al er t "," I nd ex f in ge r 

col li si on  a le rt ", " Mi dd le f in ger  c ol li si on  a ler t "> "

Start Data End

Token Phase Data Phase
Handshake 

Phase

Send data to

microcontroller

Read data from 

microcontroller

 

Figure 2.34 The method that data send to the microcontroller of the actuators 
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< 

Byte 1 Mode of the program 

> 

Byte 2 Thumb finger flexion amount 

Byte 3 Index finger flexion amount 

Byte 4 Middle finger flexion amount 

Byte 5 Thumb finger collision alert 

Byte 6 Index finger collision alert 

Byte 7 Middle finger collision alert 

Figure 2.35 The values that transfer from the C# scripts to the microcontroller of the 

actuators 

2.5 Actuators 

The design and selection of the actuators were based on stroke and speed to pull/push the 

linked bar mechanisms. Linear hydraulic and pneumatic actuators have high power 

density, but also bulky and cannot be easily controlled as easy as DC motors. DC motors 

meet the criteria of necessary power with a compact and portable solution for wearable 

devices. Firgelli L16P-50-63-12-P is a 7.8W micro servo driven DC motor with 63:1 

gearbox ratio and roll-screw Linear motion system (Figure 2.36). It also has built-in linear 

Potentiometer position feedback. More technical details about the motor can be found in 

APPENDIX – D.  

Motors are driven by a PWM (Pulse Width Modulation) servo drive method using the 

dual full-bridge L298N processor ( APPENDIX – E ) which shown in Figure 2.36. A 

12v/2A adaptor supplies the required power to the driver modules. It’s better to notice 

that the L289n gets maximum 9.8v for 100% duty cycle because of 2.46v inner voltage 

drop.  

 
(a)                                         (b)

 

Figure 2.36 Motors and driver used as actuators: a) L298N based motor driver module; 

b) L16-P miniature linear actuator with feedback 

http://category.alldatasheet.com/index.jsp?components=DUAL
http://category.alldatasheet.com/index.jsp?components=FULL-BRIDGE
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2.6 Controller Unit and Cabling 

In order to read the values of the sensors, process and control the actuators via motor 

drivers, we need a microcontroller unit to do all these mentioned processes and 

communicate with the computer via USB serial port. Figure 2.37 shows different parts 

and modules that included in it. A 12 volts 1.5 ampers can supply the required power to 

drive motors and microcontroller.  

12v. / 1.5A

Power input

Switch 

On/Off

L298N 

motor driver

L298N 

motor driver

Arduino mega 

development board

Microcontroller 

power input

Microcontroller 

data connector

15 Pin D-Sub 

connector
Bread board

 

Figure 2.37 General schematic of the controller unit 

The Arduino Mega Atmega2560 is a development board based on Atmega328 

microcontroller. It has 54 digital input / output pins (14 of which can be used as PWM 

outputs), 16 analog inputs ( with the range of 0.0 to 3.3 volts  ), 4 UARTs (hardware serial 

ports), a 16 MHz CPU, a USB connection, a power input, an ICSP connection and a reset 
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button. We used 5 volts power to derive the board which supplied by one of the motor 

drivers. Figure 2.38 schemes the connections between different electronic parts. 

Schematic of the Arduino is available in APPENDIX-F. 

 

Figure 2.38 Schematic of connections between motors (U6, U7, and U8), potentiometer 

sensors (P1, P2, and P3), force sensors (S1, S2, and S3), motor drivers (U1, U3), 15 pin 

connectors and development board (U2) 

2.6.1 PID Control Experiment – Tuning the Controller 

Control strategies were developed in order to carry out some experiments with the 

exoskeleton. The control algorithm was developed based on C/C++ scriptings which 

completely seprated from the computer and all the process done inside the 

microcontroller. As mentioned before, the exoskeleton collaborates in 3 different 

operating modes.  The aim is to control the speed of the motor to reach the target points. 

When the system is in Slider or EMG mode, The setpoint defined by the fingers position 
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which makes exoskeleton to flow the flexion rate of the VR fingers. And although, the 

EXO mode that activates impedance controller, gets its set point by using the current 

value of related force sensor (Figure 2.39).  

Feedback

P

I

D

Actuator

Sensor

+

+

+
+

-

Force or Position

Set point 

Force or Position

Error
PWM

duty cycle

 

Figure 2.39 General overview of PID controller 

PID controller is configured using three parameters acting in the sum to close the loop 

error – proportional gain (Kp), integral time (Ti), and derivative time (Td), where Kp 

reduces the steady state error and increasing Kp reduces rise time. Td interprets the 

change of slope of error changes. Td is the look-ahead time to try to estimate future system 

behavior and large values of Td create overshoots as it estimates wrongly. Ti eliminates 

steady-state error and reduces rise time. Ti may improve the response of the system. 

Tuning the loop is about finding a combination of these three parameters that give an 

appropriate response to a disturbance, as illustrated in the figure below. On the other hand, 

it depends on what is controlling and the expectations of the tuning (Figure 2.40). For 

controlling purpose, overshoot concerned to reduce mechanical damage to the gearbox of 

the motors with relatively fast and sensitive response.  

 

 

Figure 2.40 Effect of each parameter to PID controller response during time 

Without connector 

t/T 
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The Zeigler-Nicols method has been around [35] which rules work well on processes 

where the dead time is less than half the length of the time is constant. To do this, the 

basic tuning steps start by tuning all gains to zero. Then, we increase the Kp until the 

response to a disturbance is steady oscillation which is called the ‘ultimate’ gain (Ku) and 

at this steady state measure the ‘ultimate’ oscillation period (Tu). Ku and Tu can then be 

used to calculate values for Kp, Ti and Td, depending on the type of control algorithm 

implemented, according to the table below (taken from [35]). Based on sensors, the PID 

controller will concentrate to get Kp, Ti and Td values that not exactly but near the “Some 

overshoot” control type.  

Table 2.6 Zeigler-Nicols PID tuning method selection based on ultimate oscillation 

period (Tu) and gain (Ku) 

Control Type Kp Ti Td 

P 0.5Ku – – 

PI 0.45Ku Tu/1.2 – 

PD 0.8Ku – Tu/8 

Classic PID 0.6Ku Tu/2 Tu/8 

Pessen Integral Rule 0.7Ku Tu/2.5 3Tu/20 

Some overshoot 0.33Ku Tu/2 Tu/3 

No overshoot 0.2Ku Tu/2 Tu/3 

In order to find the Kp, Ki and Kd values for the PID controller, to control motor speed 

based on force value, the steady oscillation condition of each finger has been tested as 

shown in Figure 2.41, Figure 2.42 and Figure 2.43.  

 

Figure 2.41 Steady oscillation test of force value for tuning motor speed on thumb 

finger. The ultimate gain (Ku) = 17 and Tu = 1.36 seconds 
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Figure 2.42 Steady oscillation test of force value for tuning motor speed on the index 

finger. The ultimate gain (Ku) = 60 and Tu = 1.03 seconds 
 

 

Figure 2.43 Steady oscillation test of force value for tuning motor speed on the middle 

finger. The ultimate gain (Ku) = 20 and Tu = 1.16 seconds 
 

Table 0.7 estimated Kp, Ti and Td values for force impedance controller by Zeigler-

Nicols PID tuning method based on ultimate oscillation period (Tu) and gain (Ku) 

Moreover, for tuning the PID values in order to control motor speed based on location 

feedback, the steady-state condition of each finger measured as shown in Figure 2.44, 

Figure 2.45 and Figure 2.46.  
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 Ku Tu Kp = 0.33 Ku Ti = Tu/2 Td= Tu/3 

Thumb motor 17 1.36 5.61 0.68 0.453 

Index motor 60 1.03 19.80 0.515 0.343 

Middle motor 20 1.16 6.6 0.58 0.386 
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Figure 2.44 Steady oscillation test of location feedback for tuning motor speed on thumb 

finger. The ultimate gain (Ku) = 50 and Tu = 1.33 seconds 
 

 

Figure 2.45 Steady oscillation test of location feedback for tuning motor speed on the 

index finger. The ultimate gain (Ku) = 80 and Tu = 1.14 seconds 
 

 

Figure 2.46 Steady oscillation test of location feedback for tuning motor speed on the 

middle finger. The ultimate gain (Ku) = 50 and Tu = 1.27 seconds 
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Table 2.8 Estimated Kp, Ti and Td values for location feedback controller by Zeigler-

Nicols PID tuning method based on ultimate oscillation period (Tu) and gain (Ku) 

 

  

 Ku Tu Kp = 0.33 Ku Ti = Tu/2 Td = Tu/3 

Thumb motor 50 1.33 16.5 0.665 0.443 

Index motor 80 1.14 26.4 0.57 0.380 

Middle motor 50 1.27 16.5 0.635 0.423 
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CHAPTER 3 

EXPERIMENTS AND THE RESULTS 

The completed version of the exoskeleton is available in Figure 3.1. An experiment was 

carried out using trajectory control with the previous PID values on a hand of the healthy 

person ( Figure 3.3 ). The objective was to evaluate if the exoskeleton behavior interacts 

with the virtual hand. According to a couple of PID controllers that tuned before, we 

concentrate to get the behavior of exoskeleton during the mentioned modes.  

 

Figure 3.1 completed version of the exoskeleton which contains Controller case, cable, 

EMG armband, exoskeleton and the virtual environment 

In the VE, when we select the EMG or EXO mode, the exoskeleton became passive to   

The VR hand. So, it gets the position rate of each finger as a set point value between 0 

and 100 from the position of the related VR finger. In the current experiment which shown 

in Figure 3.2, Figure 3.4 and Figure 3.5, we assumed that each finger to catch the position 

rate of 70, which means all fingers of hand get the 70% of full flexion same as the fingers 

of the VR hand. Before running the actuator, all the fingers had the position rate of 32.  
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The Setting time for the middle finger actuator is 460ms, which is 750ms for the thumb 

finger actuator and 630ms for the middle finger actuator. The time difference 

compensated by the mechanical mechanism. Some vibrations observed at a lower speed 

for PWM duty cycle of the actuator which is because of mechanical frictions and 

mechanical clearances inside the gearbox of the actuators. These vibrations are not 

sensible by the operator. Moreover, their dead band values for all three actuators obtained 

±1.5%.    

 

Figure 3.2 Different views of the exoskeleton mounted on hand. 
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Figure 3.3 Response of the actuator on middle finger to the position rate change from 22 

to 70. The set point values directed by the position of the middle finger of VR hand. 

 

 
Figure 3.4 Response of the actuator on thumb finger to the position rate change from 19 

to 70. The set point values directed by the position of the thumb finger of VR hand. 
 

 
Figure 3.5 Response of the actuator on index finger to the position rate change from 21 

to 70. The set point values directed by the position of the index finger of VR hand. 
 

Figure 3.6, Figure 3.7 and Figure 3.8, present the results of an experiment to evaluate the 

response of impedance controller. They show how force sensor output variation from its 

set point can be compensated by changing actuator position rate. It means, during the 
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flexion/extension of the fingers, the variation of the force that applies to the force sensor, 

effects PWM duty cycle to run the actuator. So the actuator position rate changes and 

flows the trajectory of the fingers. During the extension a time delay is observable on 

actuator position. It occurs because of the backlash effects in the force sensing 

mechanism. Figure 3.6, shows the impedance control test during a flexion/extension of 

the thumb finger. Firstly, flexion applied at 6.5th second which decreased the force sensor 

output value. Depending the magnitude of the value, PID controller effects PWM duty 

cycle to run the actuator. Thus, the actuator moves forward from its primary position rate 

of 20 to 80 to flow the trajectory of the fingers. Also, extension applied at 16.3th second 

which increased the force sensor output value. The actuator moves backward from its 

primary position rate of 80 to 5 to flow the trajectory of the fingers. The backlash effects 

time delay ~450ms. Figure 3.7, shows the impedance control test during the 

flexion/extension of the index finger. Firstly, flexion applied at 4.0th second which 

decreased the force sensor output value. Depending the magnitude of the value, PID 

controller effects PWM duty cycle to run the actuator. Thus, the actuator moves forward 

from its primary position rate of 13 to 89 to flow the trajectory of the fingers. Also, 

extension applied at 11.5th second which increased the force sensor output value. The 

actuator moves backward from its primary position rate of 89 to 15 to flow the trajectory 

of the fingers. The backlash effects time delay ~350ms. Figure 3.8 shows the impedance 

control test during the flexion/extension of the middle finger. Firstly, flexion applied at 

4.6th second which decreased the force sensor output value. Depending the magnitude of 

the value, PID controller effects PWM duty cycle to run the actuator. Thus, the actuator 

moves forward from its primary position rate of 12 to 77 to flow the trajectory of the 

fingers. Also, extension applied at 14.2th second which increased the force sensor output 

value. The actuator moves backward from its primary position rate of 77 to 25 to flow the 

trajectory of the fingers. The backlash effects time delay ~450ms. 
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thumb

 
Figure 3.6 Impedance control expriment during the flexion/extension of the thumb 

finger. The flexion applied at 6.5th second and the extension applied at 16.3th second. 
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Figure 3.7 Impedance control expriment during the flexion/extension of the index finger. 

The flexion applied at 4.0th second and the extension applied at 11.5th second. 
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Figure 3.8 Impedance control expriment during the flexion/extension of the middle 

finger. The flexion applied at 4.6th second and the extension applied at 14.2th second. 
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CHAPTER 4 

CONCLUSIONS AND FUTURE WORKS 

4.1 Conclusions 

A multi-functional human-machine interface was designed to assist fingers flexion and 

extension motions. The proposed exoskeleton system may help and improve the 

rehabilitation progress of hand fingers. This system was designed with 2 degrees of 

freedom (DOF) for the thumb finger and 3 DOF for the other fingers actuated via direct-

driven linear DC actuators, which had PID position and force controllers. An 

electromyogram (EMG) armband with a built-in gyroscope and accelerometer unit 

supplies EMG and hand orientation signals to synchronize the exoskeleton hand and 

fingers with the ones designed in the three-dimensional virtual environment.  

In addition, this exoskeleton system has also a novel force sensing mechanism designed 

to sense fingertip forces and also help the motors freely follow human finger movements 

with a minimal resistance in its virtual reality applications.  

A contact detection method was developed and applied to sense the 3 dimensional (3D) 

objects in the virtual environment as force feedback. Fundamental experimental studies 

of the proposed exoskeleton mechanism on a healthy person were conducted to obtain 

position and force data for some virtual reality applications. The delay between the 

mechanical and the virtual system was determined as 13 milliseconds, which was not 

significantly felt by the user.  

In each part of the project, we encountered a number of problems that require completion 

of further research.  In mechanical parts, most problems due to friction between the joints. 
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Also, the clearance between the joints between links was another source of mechanical 

problems. Most of the virtual environment problems resulted from the latency of the 

computer processor. However, more filtering is also required to smooth noisy data which 

directly effects time delay. Using servo linear actuators, in spite of providing sufficient 

forces, it limits the flexion speed of fingers. Because of the financial constraints, it was 

required to continue the project with existing actuators.  

Regarding the mentioned problems, the studies showed that the position and force 

feedback controllers suitably worked for both sensing the 3D virtual objects and for the 

mechanism’s following the user fingers’ movements with minimal resistance. In 

conclusion, such a mechanism with proposed special capabilities could be utilized for 

various applications such as finger rehabilitation, robotic hand telemanipulation, support 

devices for hand movements and also haptic training applications. 

In stroked hands, wearable robots do the task for moving the patient’s fingers in a normal 

pattern, usually in an assist-as-needed paradigm. This means that the exoskeleton should 

only apply the required force to complete the patient’s movement. This approach can lead 

to an increase in physical effort while rehabilitation can be more effective in motor 

learning. Different types of the therapy can also lead to some faster recovery from fingers 

motor impairment. Which needs specific clinical studies.     

4.2 Future Works 

As a multi-functional human-machine interface, our project opens a variety of subjects 

for further researches. The project itself has lots of things to be developed. 

As mentioned before, the mechanical mechanism would be redesigned to reduce frictions 

between links. I suggest using fine surface metal-plastic slip joints instead of plastic-

plastic joints. It may reduce friction factor and clearances.  We used 2.4GHz Intel CORE 

i7 as CPU and an Arduino mega for the controller unit. We suggest to use faster CPU for 

the future researches and use a controller unit which is able to do multi-thread functions. 

Furthermore, using more high-quality sensors and cables and different data transfer 

techniques may reduce the noises. It may help to need less smoothing procedure and less 

time delay. About the servo linear actuators, I would say more speed and less force would 

be more suitable for the mechanism. The control algorithm of the actuators is also needed 

to be optimized.  
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I suggest that the clustering of the EMG armband signals can be a separate field. It may 

help to recognize any flexion rate for each finger. The 3D environment could be 

developed to detect dynamic force feedback whid more integration with the hand. 

Augmented reality environment also can be added to this project.  

furthermore, telemanipulation of a robotic hand with haptic sensation can be achievable. 

Which may be used to control a hand in a dangerous environment. 
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http://t.umblr.com/redirect?z=http%3A%2F%2Fwww.arch.mcgill.ca%2Fprof%2Fcastro%2Farch304%2Fwinter2001%2Fdander3%2Fframe%2FHomepage8.htm&t=NjQ2MzhhMmZhNDQxOTU1NDQxYWRiY2E3ZDgwNzFlMDUwODVhMzVhYix4V1dSblowWA%3D%3D&b=t%3ATi9Y08s67Ww5lYd0I-PRbg&p=http%3A%2F%2Fthisisnthappiness.com%2Fpost%2F109143583809%2Fthe-measure-of-man-henry-dreyfuss&m=0


55 

 

 

APPENDIX-C 

LINEAR MICRO ACTUATOR 

 



56 

 

 



57 

 

 

 

 



58 

 

APPENDIX- D 
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APPENDIX-E 
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APPENDIX-F 

ARDUINO MEGA MICROCONTROLLERSCHEMATIC 
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APPENDIX-H 

C# SCRIPTS FOR COMUNICATION WITH MYO ARMBAND 

using System; 

using System.Collections.Generic; 

using System.Linq; 

using System.IO; 

 

namespace Thalmic.Myo 

{ 

    public class Myo //: MonoBehaviour 

    { 

        #region MYOConnect 

        private readonly Hub _hub; 

        private IntPtr _handle; 

        private bool streamEmg; 

        public static Myo Instance; 

 

        public static calibratorClass calibClass; 

        public static calibratorClass fist_calibration_data; 

        public static calibratorClass rest_calibration_data; 

 

        internal Myo(Hub hub, IntPtr handle) 

        { 

            System.Diagnostics.Debug.Assert(handle != IntPtr.Zero, "Cannot construct Myo instance with 

null pointer."); 

            _hub = hub; 

            _handle = handle; 

            // Thread threadd = new Thread(new ThreadStart(emglistener)); 

            // threadd.Start(); 

            calibClass = new calibratorClass(); 

            fist_calibration_data = new calibratorClass(); 

            rest_calibration_data = new calibratorClass(); 

        } 

        public event EventHandler<MyoEventArgs> Connected; 

        public event EventHandler<MyoEventArgs> Disconnected; 

        public event EventHandler<ArmSyncedEventArgs> ArmSynced; 

        public event EventHandler<MyoEventArgs> ArmUnsynced; 

        public event EventHandler<PoseEventArgs> PoseChange; 
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        public event EventHandler<OrientationDataEventArgs> OrientationData; //Orientation is the 

direction the arm is pointing in space 

        public event EventHandler<AccelerometerDataEventArgs> AccelerometerData; //the accelerometer 

measures the force of acceleration applied to the armband 

        public event EventHandler<GyroscopeDataEventArgs> GyroscopeData; //The gyroscope measures 

angular velocity (ie, how fast is your arm is rotating, in radians per second) 

        public event EventHandler<RssiEventArgs> Rssi; 

        public event EventHandler<MyoEventArgs> Unlocked; 

        public event EventHandler<MyoEventArgs> Locked; 

        public event EventHandler<EmgDataEventArgs> EmgData; 

        internal Hub Hub { get { return _hub; } } 

        internal IntPtr Handle { get { return _handle; } } 

 

        public object EmgTxt { get; private set; } 

 

        public void Vibrate(VibrationType type) { libmyo.vibrate(_handle, (libmyo.VibrationType)type, 

IntPtr.Zero); } 

        public void RequestRssi() { libmyo.request_rssi(_handle, IntPtr.Zero); } 

        public Result SetStreamEmg(StreamEmg type) { streamEmg = true; return 

(Result)libmyo.set_stream_emg(_handle, (libmyo.StreamEmg)type, IntPtr.Zero); } 

        public void Unlock(UnlockType type) { libmyo.myo_unlock(_handle, (libmyo.UnlockType)type, 

IntPtr.Zero); } 

        public void Lock() { libmyo.myo_lock(_handle, IntPtr.Zero); } 

        public void NotifyUserAction() { libmyo.myo_notify_user_action(_handle, 

libmyo.UserActionType.Single, IntPtr.Zero); } 

        #endregion MYOConnect 

 

        #region MYOsensors 

        public int[] emgData = new int[7]; 

 

        public static Boolean isPressed = false; 

        public static Boolean isMax = false; 

        public static Boolean isMin = false; 

 

        static long lastSampleInMilliseconds = 0; 

        public static float final_EMG = 0; 

        public int movingAveragesQTY = 30; 

        public static float A_min = 1.0f; 

        public static float A_max = 80.0f; 

 

        public static float[] Calbrating_fist = new float[8] { 0, 0, 0, 0, 0, 0, 0, 0 }; 

        public static float[] Calbrating_rest = new float[8] { 0, 0, 0, 0, 0, 0, 0, 0 }; 

         

        public static float Truncate(float value, int digits) 

        { 

            double mult = Math.Pow(10.0, digits); 

            double result = Math.Truncate(mult * value) / mult; 

            return (float)result; 

        } 

        // Handling All Device Events  

        internal void HandleEvent(libmyo.EventType type, DateTime timestamp, IntPtr evt) 

        { 

            bool outputEmgData = false; 
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            switch (type) 

            { 

                case libmyo.EventType.Emg: 

                    outputEmgData = true; 

                    SetEmgData(evt, timestamp); 

                    break; 

                case libmyo.EventType.Connected: 

                    if (Connected != null) 

                    { 

                        Connected(this, new MyoEventArgs(this, timestamp)); 

                    } 

                    break; 

 

                case libmyo.EventType.Disconnected: 

                    if (Disconnected != null) 

                    { 

                        Disconnected(this, new MyoEventArgs(this, timestamp)); 

                    } 

                    break; 

 

                case libmyo.EventType.ArmSynced: 

                    if (ArmSynced != null) 

                    { 

                        Arm arm = (Arm)libmyo.event_get_arm(evt); 

                        XDirection xDirection = (XDirection)libmyo.event_get_x_direction(evt); 

                        ArmSynced(this, new ArmSyncedEventArgs(this, timestamp, arm, xDirection));   // 

khodam kardam 

                    } 

                    break; 

 

                case libmyo.EventType.ArmUnsynced: 

                    if (ArmUnsynced != null) 

                    { 

                        ArmUnsynced(this, new MyoEventArgs(this, timestamp)); 

                    } 

                    break; 

 

                case libmyo.EventType.Orientation: 

                    if (AccelerometerData != null) 

                    { 

                        float x = (18 / 3) * libmyo.event_get_accelerometer(evt, 0); 

                        float y = (18 / 3) * libmyo.event_get_accelerometer(evt, 1); 

                        float z = (18 / 3) * libmyo.event_get_accelerometer(evt, 2); 

                        var accelerometer = new Vector3(x, y, z); 

                        AccelerometerData(this, new AccelerometerDataEventArgs(this, timestamp, 

accelerometer)); 

                    } 

                    if (GyroscopeData != null) 

                    { 

                        float x = (18 / 3) * libmyo.event_get_gyroscope(evt, 0); 

                        float y = (18 / 3) * libmyo.event_get_gyroscope(evt, 1); 

                        float z = (18 / 3) * libmyo.event_get_gyroscope(evt, 2); 

                        var gyroscope = new Vector3(x, y, z); 
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                        GyroscopeData(this, new GyroscopeDataEventArgs(this, timestamp, gyroscope)); 

                    } 

                    if (OrientationData != null) 

                    { 

                        float x = (18 / 3) * libmyo.event_get_orientation(evt, libmyo.OrientationIndex.X); 

                        float y = (18 / 3) * libmyo.event_get_orientation(evt, libmyo.OrientationIndex.Y); 

                        float z = (18 / 3) * libmyo.event_get_orientation(evt, libmyo.OrientationIndex.Z); 

                        float w = (18 / 3) * libmyo.event_get_orientation(evt, libmyo.OrientationIndex.W); 

                        var orientation = new Quaternion(x, y, z, w); 

                        OrientationData(this, new OrientationDataEventArgs(this, timestamp, orientation)); 

                    } 

                    break; 

 

                case libmyo.EventType.Pose: 

                    if (PoseChange != null) 

                    { 

                        var pose = (Pose)libmyo.event_get_pose(evt); 

                        PoseChange(this, new PoseEventArgs(this, timestamp, pose)); 

                    } 

                    break; 

 

                case libmyo.EventType.Rssi: 

                    if (Rssi != null) 

                    { 

                        var rssi = libmyo.event_get_rssi(evt); 

                        Rssi(this, new RssiEventArgs(this, timestamp, rssi)); 

                    } 

                    break; 

                case libmyo.EventType.Unlocked: 

                    if (Unlocked != null) 

                    { 

                        Unlocked(this, new MyoEventArgs(this, timestamp)); 

                    } 

                    break; 

                case libmyo.EventType.Locked: 

                    if (Locked != null) 

                    { 

                        Locked(this, new MyoEventArgs(this, timestamp)); 

                    } 

                    break; 

            } 

            if (!outputEmgData && streamEmg) { SetEmgData(evt, timestamp); } 

        } 

        #endregion MYOsensors 

 

      //  public static int [] emg1 ; 

 

        #region vaihd 

 

        public static Boolean fistPressed = false; 

        public static Boolean restPressed = false; 

 

        public int counter = 1; 
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        // Listening Myo Device Signals 

        protected void SetEmgData(IntPtr evt, DateTime timestamp) 

        { 

            long milliseconds = (DateTime.Now.Ticks / TimeSpan.TicksPerMillisecond); 

            if (lastSampleInMilliseconds < (milliseconds - 50)) 

            { 

                int[] emg1 = 

                { 

                 libmyo.event_get_emg(evt, 0), 

                 libmyo.event_get_emg(evt, 1), 

                 libmyo.event_get_emg(evt, 2), 

                 libmyo.event_get_emg(evt, 3), 

                 libmyo.event_get_emg(evt, 4), 

                 libmyo.event_get_emg(evt, 5), 

                 libmyo.event_get_emg(evt, 6), 

                 libmyo.event_get_emg(evt, 7) 

                }; 

 

                int[] emg = 

                { 

                 Math.Abs( libmyo.event_get_emg(evt, 0)), 

                 Math.Abs( libmyo.event_get_emg(evt, 1)), 

                 Math.Abs( libmyo.event_get_emg(evt, 2)), 

                 Math.Abs( libmyo.event_get_emg(evt, 3)), 

                 Math.Abs( libmyo.event_get_emg(evt, 4)), 

                 Math.Abs( libmyo.event_get_emg(evt, 5)), 

                 Math.Abs( libmyo.event_get_emg(evt, 6)), 

                 Math.Abs( libmyo.event_get_emg(evt, 7)) 

                }; 

                this.Emglistener(emg); 

                float[] MA_EMG = new float[8]; 

                MA_EMG = movingAvarageSamplingQueueEmg; 

 

                // total data to calibClass 

                   calibClass.ListAdd(new float[24] { 

                    emg1[0], emg1[1], emg1[2], emg1[3], emg1[4], emg1[5], emg1[6], emg1[7], 

                    emg[0], emg[1], emg[2], emg[3], emg[4], emg[5], emg[6], emg[7], 

                    MA_EMG[0], MA_EMG[1], MA_EMG[2], MA_EMG[3], MA_EMG[4], MA_EMG[5], 

MA_EMG[6], MA_EMG[7] }); 

 

                 Myo.saveToFile(Myo.calibClass, "all"); 

                // Calibration Buttons 

                if (Myo.fistPressed == true) 

                { 

                    fist_calibration_data.ListAdd(new float[8] { MA_EMG[0], MA_EMG[1], MA_EMG[2], 

MA_EMG[3], MA_EMG[4], MA_EMG[5], MA_EMG[6], MA_EMG[7] }); 

                } 

 

                if (Myo.restPressed == true) 

                { 

                    rest_calibration_data.ListAdd(new float[8] { MA_EMG[0], MA_EMG[1], MA_EMG[2], 

MA_EMG[3], MA_EMG[4], MA_EMG[5], MA_EMG[6], MA_EMG[7] }); 

                } 
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                this.SNR(MA_EMG); 

 

                try 

                { 

                    if (sumOfTotalEMG <= A_min) 

                    { 

                        sumOfTotalEMG = A_min + 1; 

                    } 

                    else if (sumOfTotalEMG >= A_max) 

                    { 

                        sumOfTotalEMG = A_max - 1; 

                    } 

                    final_EMG = (100 * (sumOfTotalEMG - A_min)) / (A_max - A_min); 

                } 

                catch 

                { 

                    UnityEngine.Debug.Log("error catch"); 

                    final_EMG = 50; 

                } 

                lastSampleInMilliseconds = milliseconds; 

            } 

        } 

 

        // sampling Queue of EMG signals 

 

        public float[] movingAvarageSamplingQueueEmg = new float[8] { 0, 0, 0, 0, 0, 0, 0, 0 }; 

        //creat new arrey used in emglistener() 

        Queue<int> samplingQueueemg0 = new Queue<int>(); 

        Queue<int> samplingQueueemg1 = new Queue<int>(); 

        Queue<int> samplingQueueemg2 = new Queue<int>(); 

        Queue<int> samplingQueueemg3 = new Queue<int>(); 

        Queue<int> samplingQueueemg4 = new Queue<int>(); 

        Queue<int> samplingQueueemg5 = new Queue<int>(); 

        Queue<int> samplingQueueemg6 = new Queue<int>(); 

        Queue<int> samplingQueueemg7 = new Queue<int>(); 

 

        List<String> TextdataRaw = new List<String>(); 

        public float FrequentlyUsedEmg = 0; 

        //bool isMean = true; 

        float[] MASEMG = new float[8]; 

 

        // Moving Average Of Signals 

        public void Emglistener(int[] emg) 

        { 

            float[] OldValue = new float[8]; 

 

            //deport oldest signal of arrey 

            if (samplingQueueemg0.Count >= movingAveragesQTY) 

                OldValue[0] = samplingQueueemg0.Dequeue(); 

            if (samplingQueueemg1.Count >= movingAveragesQTY) 

                OldValue[1] = samplingQueueemg1.Dequeue(); 

            if (samplingQueueemg2.Count >= movingAveragesQTY) 

                OldValue[2] = samplingQueueemg2.Dequeue(); 
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            if (samplingQueueemg3.Count >= movingAveragesQTY) 

                OldValue[3] = samplingQueueemg3.Dequeue(); 

            if (samplingQueueemg4.Count >= movingAveragesQTY) 

                OldValue[4] = samplingQueueemg4.Dequeue(); 

            if (samplingQueueemg5.Count >= movingAveragesQTY) 

                OldValue[5] = samplingQueueemg5.Dequeue(); 

            if (samplingQueueemg6.Count >= movingAveragesQTY) 

                OldValue[6] = samplingQueueemg6.Dequeue(); 

            if (samplingQueueemg7.Count >= movingAveragesQTY) 

                OldValue[7] = samplingQueueemg7.Dequeue(); 

 

            // import new signal to arrey  

            samplingQueueemg0.Enqueue(emg[0]); 

            samplingQueueemg1.Enqueue(emg[1]); 

            samplingQueueemg2.Enqueue(emg[2]); 

            samplingQueueemg3.Enqueue(emg[3]); 

            samplingQueueemg4.Enqueue(emg[4]); 

            samplingQueueemg5.Enqueue(emg[5]); 

            samplingQueueemg6.Enqueue(emg[6]); 

            samplingQueueemg7.Enqueue(emg[7]); 

 

            movingAvarageSamplingQueueEmg[0] = (float)samplingQueueemg0.Average();    

            movingAvarageSamplingQueueEmg[1] = (float)samplingQueueemg1.Average();    

            movingAvarageSamplingQueueEmg[2] = (float)samplingQueueemg2.Average();    

            movingAvarageSamplingQueueEmg[3] = (float)samplingQueueemg3.Average();    

            movingAvarageSamplingQueueEmg[4] = (float)samplingQueueemg4.Average();    

            movingAvarageSamplingQueueEmg[5] = (float)samplingQueueemg5.Average();    

            movingAvarageSamplingQueueEmg[6] = (float)samplingQueueemg6.Average();    

            movingAvarageSamplingQueueEmg[7] = (float)samplingQueueemg7.Average();    

 

            double A = samplingQueueemg0.First(); 

        } 

 

        public static bool Noisy1 = false; 

        public static bool Noisy2 = false; 

        public static bool Noisy3 = false; 

        public static bool Noisy4 = false; 

        public static bool Noisy5 = false; 

        public static bool Noisy6 = false; 

        public static bool Noisy7 = false; 

        public static bool Noisy8 = false; 

        public float sumOfTotalEMG = 0; 

        public static float[] totalEMG = new float[8] { 0, 0, 0, 0, 0, 0, 0, 0 }; 

        private readonly calibratorClass calibrationDate; 

 

        public void SNR(float[] MA_EMG) 

        { 

            Queue<float> totalEMG = new Queue<float>(); 

            int Zero = 0; 

            if (Noisy1 == false) 

            { 

                totalEMG.Enqueue(MA_EMG[0]); 

            } 
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            else 

            { 

                totalEMG.Enqueue(Zero); 

            } 

 

            if (Noisy2 == false) 

            { 

                totalEMG.Enqueue(MA_EMG[1]); 

            } 

            else 

            { 

                totalEMG.Enqueue(Zero); 

            } 

            if (Noisy3 == false) 

            { 

                totalEMG.Enqueue(MA_EMG[2]); 

            } 

            else 

            { 

                totalEMG.Enqueue(Zero); 

            } 

            if (Noisy4 == false) 

            { 

                totalEMG.Enqueue(MA_EMG[3]); 

            } 

            else 

            { 

                totalEMG.Enqueue(Zero); 

            } 

            if (Noisy5 == false) 

            { 

                totalEMG.Enqueue(MA_EMG[4]); 

            } 

            else 

            { 

                totalEMG.Enqueue(Zero); 

            } 

            if (Noisy6 == false) 

            { 

                totalEMG.Enqueue(MA_EMG[5]); 

            } 

            else 

            { 

                totalEMG.Enqueue(Zero); 

            } 

            if (Noisy7 == false) 

            { 

                totalEMG.Enqueue(MA_EMG[6]); 

            } 

            else 

            { 

                totalEMG.Enqueue(Zero); 

            } 
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            if (Noisy8 == false) 

            { 

                totalEMG.Enqueue(MA_EMG[7]); 

            } 

            else 

            { 

                totalEMG.Enqueue(Zero); 

            } 

 

            sumOfTotalEMG = totalEMG.Sum(); 

        } 

 

        public static void saveToFile(calibratorClass calibrationDate, string filename) 

        { 

             string path = @"D:\Exo\" + filename +".txt"; 

            using (StreamWriter sw = (File.Exists(path)) ? File.AppendText(path) : File.CreateText(path)) 

            { 

                var data = calibrationDate.Ls.ToArray(); 

                foreach (float[] dt in data) 

                { 

                    string line = String.Join(", ", dt.Select(p => p.ToString()).ToArray()); 

                    sw.WriteLine(line); 

                } 

            } 

        } 

    } 

 

    #endregion vahid 

 

    #region MYOoptions 

    public enum Arm 

    { 

        Right, 

        Left, 

        Unknown 

    } 

 

    public enum XDirection 

    { 

        TowardWrist, 

        TowardElbow, 

        Unknown 

    } 

 

    public enum Result 

    { 

        Success, 

        Error, 

        ErrorInvalidArgument, 

        ErrorRuntime 

    } 

 

    public enum VibrationType 
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    { 

        Short, 

        Medium, 

        Long 

    } 

    public enum StreamEmg 

    { 

        Disabled, 

        Enabled 

    } 

    public enum UnlockType 

    { 

        Timed = 0,  ///< Unlock for a fixed period of time. 

        Hold = 1    ///< Unlock until explicitly told to re-lock. 

    } 

    #endregion MYOoptions 

} 
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APPENDIX-I 

C# SCRIPTS FOR COMUNICATION WITH 

MICROCONTROLLER 

 
using UnityEngine; 

using UnityEngine.UI; 

using Thalmic.Myo; 

using System; 

using System.IO.Ports; 

using System.Globalization; 

using System.Collections; 

 

public class Oriant : MonoBehaviour 

{ 

 

    #region  

    public Myo Myo_finalData; 

 

    public Transform ThumbR0; 

    public Transform ThumbR1; 

    public Transform ThumbR2; 

 

    public Transform IndexR0; 

    public Transform IndexR1; 

    public Transform IndexR2; 

 

    public Transform MiddleR0; 

    public Transform MiddleR1; 

    public Transform MiddleR2; 

 

    public Transform RingR0; 

    public Transform RingR1; 

    public Transform RingR2; 

 

    public Transform LittleR0; 

    public Transform LittleR1; 

    public Transform LittleR2; 

 

    public static float MotorThumb; 
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    public static float MotorIndex; 

    public static float MotorMiddle; 

 

    public Slider Motor1; 

    public Slider Motor2; 

    public Slider Motor3; 

 

    public Text Thumbtxt; 

    public Text Indextxt; 

    public Text Middletxt; 

 

    public Toggle EMG; 

    public Toggle SLIDER; 

    public Toggle EXO; 

 

    #endregion  

    public SerialPort stream = new SerialPort("COM4", 250000); 

    private string[] numbers;  

    private void Start() 

    { 

        try 

        { 

            stream.Open(); 

            Debug.Log("arduino Stream is open "); 

        } 

        catch (Exception e) 

        { 

            Debug.Log("Could not open serial port: " + e.Message); 

        } 

    } 

 

    void Update() 

    { 

         if (SLIDER.isOn == true) //gets finger value from Slider 

        { 

            //for the Index finger 

            MotorThumb = Motor1.value; 

            Thumbtxt.text = MotorThumb.ToString(); 

            //for the Thumb finger 

            MotorIndex = Motor2.value; 

            Indextxt.text = MotorIndex.ToString(); 

            //for the Middle finger 

            MotorMiddle = Motor3.value; 

            Middletxt.text = MotorMiddle.ToString(); 

        } 

        if (EMG.isOn == true) //gets finger value from Slider 

        { 

            float aaaaa =  Myo.Truncate(Myo.final_EMG,2); 

            //for the Thumb finger 

            Thumbtxt.text = aaaaa.ToString(); 

            MotorThumb = aaaaa; 

            //for the Index finger 

            Indextxt.text = aaaaa.ToString(); 
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            MotorIndex = aaaaa; 

            //for the Middle finger 

            Middletxt.text = aaaaa.ToString(); 

            MotorMiddle = aaaaa; 

        } 

        #region to VR hand 

        //for the Thumb finger 

        double MotorThumb1 = (MotorThumb - 0) * (35 - 3) / (100 -0) + 3;    

        ThumbR0.transform.localEulerAngles = new UnityEngine.Vector3(0f, 0f, (float)MotorThumb1); 

        ThumbR1.transform.localEulerAngles = new UnityEngine.Vector3(0f, 0f, (float)(31.12 * 

Math.Pow((double)MotorThumb1, 0.1104)));  

        ThumbR2.transform.localEulerAngles = new UnityEngine.Vector3(0f, 0f, (float)((3.47 * 

MotorThumb1) - 5.89)); 

        IndexR0.transform.localEulerAngles = new UnityEngine.Vector3(0f, 0f, -MotorIndex); 

        IndexR1.transform.localEulerAngles = new UnityEngine.Vector3(0f, 0f, (float)(-(1.64 

*(double)MotorIndex + 6.18) )); 

        IndexR2.transform.localEulerAngles = new UnityEngine.Vector3(0f, 0f, - MotorIndex); 

        MiddleR0.transform.localEulerAngles = new UnityEngine.Vector3(0f, 0f, -MotorMiddle); 

        MiddleR1.transform.localEulerAngles = new UnityEngine.Vector3(0f, 0f, -(4 / 3) * MotorMiddle); 

        MiddleR2.transform.localEulerAngles = new UnityEngine.Vector3(0f, 0f, -(2 / 2) * MotorMiddle); 

        //for the Ring finger 

        RingR0.transform.localEulerAngles = (MiddleR0.transform.localEulerAngles) * (11 / 10); 

        RingR1.transform.localEulerAngles = (MiddleR1.transform.localEulerAngles) * (11 / 10); 

        RingR2.transform.localEulerAngles = (MiddleR2.transform.localEulerAngles) * (11 / 10); 

        //for the Little finger 

        LittleR0.transform.localEulerAngles = (RingR0.transform.localEulerAngles) * (11 / 10); 

        LittleR1.transform.localEulerAngles = (RingR1.transform.localEulerAngles) * (11 / 10); 

        LittleR2.transform.localEulerAngles = (RingR2.transform.localEulerAngles) * (11 / 10); 

        #endregion to VR hand 

 

        if (stream != null) 

        { 

            if (stream.IsOpen) 

            { 

                if (SLIDER.isOn == true || EMG.isOn == true ) 

                {  

                    stream.WriteLine("<" +"0"+ "," + Thumbtxt.text + "," + Indextxt.text + "," + Middletxt.text + 

"," + ballCol.ThumbCollide + "," + ballCol.IndexCollide + "," + ballCol.MiddleCollide + ">"); 

                    stream.Close(); 

                     

                } else if (EXO.isOn == true) 

                { 

                    stream.WriteLine("<" +"1"+ "," + Thumbtxt.text + "," + Indextxt.text + "," + Middletxt.text + 

"," + ballCol.ThumbCollide + "," + ballCol.IndexCollide + "," + ballCol.MiddleCollide + ">"); 

 

                    string _distance = stream.ReadLine(); 

                    numbers = _distance.Split(';'); 

                     

                    float Motor_1_PositionSensor = float.Parse(numbers[0], 

CultureInfo.InvariantCulture.NumberFormat); 

 

                    float Motor_2_PositionSensor = float.Parse(numbers[1], 

CultureInfo.InvariantCulture.NumberFormat); 
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                    float Motor_3_PositionSensor = float.Parse(numbers[2], 

CultureInfo.InvariantCulture.NumberFormat); 

                    Debug.Log(Motor_3_PositionSensor); 

 

                    //for the Thumb finger 

                    Thumbtxt.text = Motor_1_PositionSensor.ToString(); 

                    MotorThumb = Motor_1_PositionSensor; 

                    //for the Index finger 

                    Indextxt.text = Motor_3_PositionSensor.ToString(); 

                    MotorIndex = Motor_3_PositionSensor; 

                    //for the Middle finger 

                    Middletxt.text = Motor_2_PositionSensor.ToString(); 

                    MotorMiddle = Motor_2_PositionSensor; 

 

                    stream.Close();                   

                } 

            } 

            else 

            { 

                stream.Open(); 

                stream.ReadTimeout = 16; 

            } 

        } 

        else 

        { 

            if (stream.IsOpen) 

            { 

                Debug.Log("port is open"); 

            } 

            else 

            { 

               Debug.Log("port == null"); 

            } 

        } 

    } 

} 
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APPENDIX-J 

SCRIPTS OF THE MICROCONTROLLER 

 

////////////////......//////    //////////////// recive data from c# 

const byte numChars = 32; 

char receivedChars[numChars]; 

char tempChars[numChars];        // temporary array for use when parsing 

// variables to hold the parsed data 

char messageFromPC[numChars] = {0}; 

int modeByCsharp = 1 ; 

int ThumbPosByCsharp = 50; 

int IndexPosByCsharp = 50; 

int MiddlePosByCsharp = 50; 

int mode; 

boolean newData = false; 

/////////////////////////////////////////// Thumb 

#define Thumb_Velocity_PWM_ENB          11 

#define Thumb_Driction_digital_EN4      12 

#define Thumb_Driction_digital_EN3      13 

#define Thumb_Position_Analog           A2 

#define Thumb_ForceSensor_Analog        A3 

//////////////////////////////////////////// Index 

#define Index_Velocity_PWM_ENB          9 

#define Index_Driction_digital_EN4      38 

#define Index_Driction_digital_EN3      34 

#define Index_Position_Analog           A1 

#define Index_ForceSensor_Analog        A5 

////////////////////////////////////////////   Middle 

#define Middle_Velocity_PWM_ENB         8 

#define Middle_Driction_digital_EN4     32 

#define Middle_Driction_digital_EN3     36 

#define Middle_Position_Analog          A0 

#define Middle_ForceSensor_Analog       A4 

//////////////////////////////////////////// Thumb Position 

int Averaging_Thumb_Position_Value; 

float _Averaging_Thumb_Position_Value = 0 ; 

const int numReadingsPosition_Thumb = 16; 

float readingsPosition_Thumb[numReadingsPosition_Thumb];      // the readings from the analog input 

int readIndexPosition_Thumb = 0;                              // the index of the current reading 
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float totalPosition_Thumb = 0;                                // the running total 

float Averaging_Thumb_Position = 0;                           // the average 

/////////////////////////////////////////// Index Position 

int Averaging_Index_Position_Value; 

float _Averaging_Index_Position_Value = 0 ; 

const int numReadingsPosition_Index = 16; 

float readingsPosition_Index[numReadingsPosition_Index];      // the readings from the analog input 

int readIndexPosition_Index = 0;                              // the index of the current reading 

float totalPosition_Index = 0;                                // the running total 

float Averaging_Index_Position = 0;                           // the average 

/////////////////////////////////////////// Middle Position 

int Averaging_Middle_Position_Value; 

float _Averaging_Middle_Position_Value = 0 ; 

const int numReadingsPosition_Middle = 16; 

float readingsPosition_Middle[numReadingsPosition_Middle];    // the readings from the analog input 

int readIndexPosition_Middle = 0;                             // the index of the current reading 

float totalPosition_Middle = 0;                               // the running total 

float Averaging_Middle_Position = 0;                          // the average 

//////////////////////////////////////////// Thumb ForceSensor 

float Averaging_Thumb_ForceSensor_Value; 

float _Averaging_Thumb_ForceSensor_Value = 0 ; 

const int numReadingsForce_Thumb = 20; 

float readingsForce_Thumb[numReadingsForce_Thumb];            // the readings from the analog input 

int readIndexForce_Thumb = 0;                                 // the index of the current reading 

float totalForce_Thumb = 0;                                   // the running total 

float Averaging_Thumb_ForceSensor = 0;                        // the average 

//////////////////////////////////////////// Index ForceSensor 

float Averaging_Index_ForceSensor_Value; 

float _Averaging_Index_ForceSensor_Value = 0 ; 

const int numReadingsForce_Index = 20; 

float readingsForce_Index[numReadingsForce_Index];            // the readings from the analog input 

int readIndexForce_Index = 0;                                 // the index of the current reading 

float totalForce_Index = 0;                                   // the running total 

float Averaging_Index_ForceSensor = 0;                        // the average 

////////////////////////////////////////// Middle ForceSensor 

float Averaging_Middle_ForceSensor_Value; 

float _Averaging_Middle_ForceSensor_Value = 0 ; 

const int numReadingsForce_Middle = 20; 

float readingsForce_Middle[numReadingsForce_Middle];          // the readings from the analog input 

int readIndexForce_Middle = 0;                                // the index of the current reading 

float totalForce_Middle = 0;                                  // the running total 

float Averaging_Middle_ForceSensor = 0;                       // the average 

//////////////////////////////////////////// force feedback from VR (contacts) 

int ThumbCollide = 7; 

int IndexCollide = 7; 

int MiddleCollide = 7; 

int Tcollider = 0; 

int Icollider = 0; 

int Mcollider = 0; 

///////////////////////////PID Speed 

int ATP = 300; 

int AMP = 300; 

int AIP = 300; 
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float Thumb_error = 0; 

float Middle_error = 0; 

float Index_error = 0; 

 

float Thumb_integral = 0; 

float Middle_integral = 0; 

float Index_integral = 0; 

 

int Thumb_output_dutyCycle = 0; 

int Middle_output_dutyCycle = 0; 

int Index_output_dutyCycle = 0; 

 

double Thumb_Kp = 16.5; 

double Thumb_Ki = 0.665; 

double Thumb_Kd = 0.443; 

 

double Index_Kp = 26.4;  

double Index_Ki = 0.57; 

double Index_Kd = 0.380; 

 

double Middle_Kp = 16.5; 

double Middle_Ki = 0.635; 

double Middle_Kd = 0.423; 

 

const float DeadBand = 2.85; //1.5; 

 

/////////////////////////////////////////// force PID     //https://arduinoplusplus.wordpress.com/2017/06/21/pid-

control-experiment-tuning-the-controller/ 

int Thumb_force_dead_band = 4; 

int Middle_force_dead_band = 4; 

int Index_force_dead_band = 4; 

 

int Thumb_force_Setpoint = 450; 

int Middle_force_Setpoint = 745; 

int Index_force_Setpoint = 740; 

 

float Thumb_Force_error = 0; 

float Middle_Force_error = 0; 

float Index_Force_error = 0; 

 

float Thumb_Force_integral = 0; 

float Middle_Force_integral = 0; 

float Index_Force_integral = 0; 

 

double Thumb_Force_Kp = 4;  

double Thumb_Force_Ki = 0; 

double Thumb_Force_Kd = 0.1; 

 

double Index_Force_Kp = 5;  

double Index_Force_Ki = 0; 

double Index_Force_Kd = 0.1; 
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double Middle_Force_Kp = 6.;  

double Middle_Force_Ki = 0; 

double Middle_Force_Kd = 0.2; 

unsigned long time1 = 0; 

////////////////////////////////////////////////////////////////////////////////////////////Data streaming from C# 

bool EXO_mode = false; 

bool EMGandSLIDER_mode = false; 

///////////////////////////////////////////////////////////////////////////////////////////  setup 

void setup() 

{ 

  Serial.begin(250000); 

 

  TCCR4B = TCCR4B & B11111000 | B00000001; 

  TCCR2B = TCCR2B & B11111000 | B00000001; 

  TCCR1B = TCCR1B & B11111000 | B00000001; 

 

  pinMode(Thumb_Velocity_PWM_ENB, OUTPUT); 

  pinMode(Thumb_Driction_digital_EN3, OUTPUT); 

  pinMode(Thumb_Driction_digital_EN4, OUTPUT); 

  pinMode(Thumb_Position_Analog, INPUT); 

  pinMode(Thumb_ForceSensor_Analog, INPUT); 

 

  pinMode(Index_Velocity_PWM_ENB, OUTPUT); 

  pinMode(Index_Driction_digital_EN3, OUTPUT); 

  pinMode(Index_Driction_digital_EN4, OUTPUT); 

  pinMode(Index_Position_Analog, INPUT); 

  pinMode(Index_ForceSensor_Analog, INPUT); 

 

  pinMode(Middle_Velocity_PWM_ENB, OUTPUT); 

  pinMode(Middle_Driction_digital_EN3, OUTPUT); 

  pinMode(Middle_Driction_digital_EN4, OUTPUT); 

  pinMode(Middle_Position_Analog, INPUT); 

  pinMode(Middle_ForceSensor_Analog, INPUT); 

 

  Thumb_force_Setpoint = analogRead(Thumb_ForceSensor_Analog); 

  Middle_force_Setpoint = analogRead(Middle_ForceSensor_Analog); 

  Index_force_Setpoint = analogRead(Index_ForceSensor_Analog); 

 

  int thisReading_Thumb = 0; 

  int _thisReading_Thumb = 0; 

  int thisReading_Index = 0; 

  int _thisReading_Index = 0; 

  int thisReading_Middle = 0; 

  int _thisReading_Middle = 0; 

 

  //////<< Thumb queue >>\\\\\\ 

  for ( thisReading_Thumb = 0; thisReading_Thumb < numReadingsPosition_Thumb; 

thisReading_Thumb++) 

    readingsPosition_Thumb[thisReading_Thumb] = 0; 

  for (int _thisReading_Thumb = 0; _thisReading_Thumb < numReadingsForce_Thumb; 

_thisReading_Thumb++) 

    readingsForce_Thumb[_thisReading_Thumb] = 0; 
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  //////<< Index queue >>\\\\\\ 

  for ( thisReading_Index = 0; thisReading_Index < numReadingsPosition_Index; thisReading_Index++) 

    readingsPosition_Index[thisReading_Index] = 0; 

  for (int _thisReading_Index = 0; _thisReading_Index < numReadingsForce_Index; 

_thisReading_Index++) 

    readingsForce_Index[_thisReading_Index] = 0; 

  //////<< Middle queue >>\\\\\\ 

  for ( thisReading_Middle = 0; thisReading_Middle < numReadingsPosition_Middle; 

thisReading_Middle++) 

    readingsPosition_Middle[thisReading_Middle] = 0; 

  for (int _thisReading_Middle = 0; _thisReading_Middle < numReadingsForce_Middle; 

_thisReading_Middle++) 

    readingsForce_Middle[_thisReading_Middle] = 0; 

} 

////////////////////////////////////////////////////////////////////////////////////////// Loop 

void loop() 

{ 

  recvWithStartEndMarkers(); 

 

  if (newData == true) 

  { 

    strcpy(tempChars, receivedChars); 

    parseData(); // split the data into its parts 

    newData = false; 

  } 

  showParsedData(); 

  if (Serial.available() > 0) { 

    Serial.print(ATP); 

    Serial.print(";"); 

    Serial.print(AMP); 

    Serial.print(";"); 

    Serial.println(AIP); 

  } 

  float Thumb_PositionSensor = analogRead(Thumb_Position_Analog); 

  float Thumb_ForceSensor = analogRead(Thumb_ForceSensor_Analog); 

  float Index_PositionSensor = analogRead(Index_Position_Analog); 

  float Index_ForceSensor = analogRead(Index_ForceSensor_Analog); 

  float Middle_PositionSensor = analogRead(Middle_Position_Analog); 

  float Middle_ForceSensor = analogRead(Middle_ForceSensor_Analog); 

  MovingAveraeForceSensor(); 

  MovingAveragePositionSensor(); 

  //////////////////////////////////////////////////////////////////////// mapping 

  int Averaging_Thumb_Position = abs(totalPosition_Thumb / numReadingsPosition_Thumb) ; 

  int Averaging_Middle_Position =  abs(totalPosition_Middle / numReadingsPosition_Middle) ; 

  int Averaging_Index_Position =  abs(totalPosition_Index / numReadingsPosition_Index) ; 

  ATP = map(Averaging_Thumb_Position, 0, 1023, -5, 105); 

  AMP = map(Averaging_Middle_Position, 0, 1023, -5, 105); 

  AIP = map(Averaging_Index_Position, 0, 1023, -5, 105); 

  /////////////////////////////////////////////////////////////////////// drive with EMG or slider mode 

  if (EXO_mode == true) 

  { 

    EMGandSLIDER_mode == false; 

    int Thumb_Force_input = Thumb_force_Setpoint; 
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    int Middle_Force_input = Middle_force_Setpoint; //band 710 to 670 

    int Index_Force_input = Index_force_Setpoint; //band 710 to 670 

 

    float Thumb_Force_error_last = Thumb_Force_error; 

    float Middle_Force_error_last = Middle_Force_error; 

    float Index_Force_error_last = Index_Force_error; 

 

    //Proportional Control 

    Thumb_Force_error = Thumb_Force_input  - Averaging_Thumb_ForceSensor; 

    Middle_Force_error = Middle_Force_input  - Averaging_Middle_ForceSensor; 

    Index_Force_error = Index_Force_input  - Averaging_Index_ForceSensor; 

 

    unsigned long time0 = time1; 

    time1 = millis(); 

    unsigned long deltatime = time1 - time0; 

 

    //intigrate 

    Thumb_Force_integral  = ((Thumb_Force_error + Thumb_Force_error_last) / 2) * (((double) 

(deltatime)) / 1000); 

    Middle_Force_integral = ((Middle_Force_error + Middle_Force_error_last) / 2) * (((double) 

(deltatime)) / 1000); 

    Index_Force_integral = ((Index_Force_error + Index_Force_error_last) / 2) * (((double) (deltatime)) / 

1000); 

    //derivative 

    float Thumb_Force_derivative = (Thumb_Force_error - Thumb_Force_error_last)  / (((double) 

(deltatime)) / 1000); 

    float Middle_Force_derivative = (Middle_Force_error - Middle_Force_error_last) / (((double) 

(deltatime)) / 1000); 

    float Index_Force_derivative = (Index_Force_error - Index_Force_error_last) / (((double) (deltatime)) / 

1000); 

    Thumb_output_dutyCycle = ((Thumb_Force_Kp * Thumb_Force_error) + (Thumb_Force_Ki * 

Thumb_Force_integral)) + (Thumb_Force_Kd * Thumb_Force_derivative); 

    if (Thumb_output_dutyCycle > 255  ) 

    { 

      Thumb_output_dutyCycle = 255 ; 

    } 

    else if ( Thumb_output_dutyCycle < -255 ) 

    { 

      Thumb_output_dutyCycle = -255; 

    } 

    else if (abs(Thumb_output_dutyCycle) < ((int)(35))) 

    { 

      analogWrite(Thumb_output_dutyCycle, 0); 

      digitalWrite(Thumb_Driction_digital_EN4, LOW); 

      digitalWrite(Thumb_Driction_digital_EN3, LOW); 

    } 

    Middle_output_dutyCycle = ((Middle_Force_Kp * Middle_Force_error) + (Middle_Force_Ki * 

Middle_Force_integral)) + (Middle_Force_Kd * Middle_Force_derivative) 

    if (Middle_output_dutyCycle > 255  ) 

    { 

      Middle_output_dutyCycle = 255 ; 

    } 

    else if ( Middle_output_dutyCycle < -255 ) 
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    { 

      Middle_output_dutyCycle = -255; 

    } 

    else if (abs(Middle_output_dutyCycle) < ((int)(35))) 

    { 

      analogWrite(Middle_Velocity_PWM_ENB, 0); 

      digitalWrite(Middle_Driction_digital_EN4, LOW); 

      digitalWrite(Middle_Driction_digital_EN3, LOW); 

    } 

    Index_output_dutyCycle = ((Index_Force_Kp * Index_Force_error) + (Index_Force_Ki * 

Index_Force_integral)) + (Index_Force_Kd * Index_Force_derivative); 

    if (Index_output_dutyCycle > 255  ) 

    { 

      Index_output_dutyCycle = 255 ; 

    } 

    else if ( Index_output_dutyCycle < -255 ) 

    { 

      Index_output_dutyCycle = -255; 

    } 

    else if (abs(Index_output_dutyCycle) < ((int)(35))) 

    { 

      analogWrite(Index_output_dutyCycle, 0); 

      digitalWrite(Index_Driction_digital_EN4, LOW); 

      digitalWrite(Index_Driction_digital_EN3, LOW); 

    } 

    int Thumb_Force_derection; 

    int Middle_Force_derection; 

    int Index_Force_derection; 

    ///////////////////////////////////////////////////////////////////// drive thumb 

    if ( abs(Thumb_Force_error) <= Thumb_force_dead_band || Tcollider == 1   ) 

    { 

      analogWrite(Thumb_Velocity_PWM_ENB, 0); 

      digitalWrite(Thumb_Driction_digital_EN4, LOW); 

      digitalWrite(Thumb_Driction_digital_EN3, LOW); 

    } 

    else 

    { 

      if  ( Thumb_Force_error  < 0 || AIP > 80 || Tcollider == 2 ) /////////////////// 

      { 

        analogWrite(Thumb_Velocity_PWM_ENB,  abs(Thumb_output_dutyCycle) ); 

        digitalWrite(Thumb_Driction_digital_EN4, HIGH); 

        digitalWrite(Thumb_Driction_digital_EN3, LOW); 

      } 

      else if (Thumb_Force_error > 0 || AIP < 10   ) 

      { 

        analogWrite(Thumb_Velocity_PWM_ENB, abs(Thumb_output_dutyCycle)); 

        digitalWrite(Thumb_Driction_digital_EN3, HIGH); 

        digitalWrite(Thumb_Driction_digital_EN4, LOW); 

      } 

    } 

    //////////////////////////////////////////////////////////////////// drive middle 

    if ( abs(Middle_Force_error) <= Middle_force_dead_band  || Mcollider == 1   ) 

    { 
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      analogWrite(Middle_Velocity_PWM_ENB, 0); 

      digitalWrite(Middle_Driction_digital_EN4, LOW); 

      digitalWrite(Middle_Driction_digital_EN3, LOW); 

    } 

    else 

    { 

      if  ( Middle_Force_error < 0 || AMP > 90 || Mcollider == 2   ) 

      { 

        analogWrite(Middle_Velocity_PWM_ENB,  abs(Middle_output_dutyCycle) ); 

        digitalWrite(Middle_Driction_digital_EN4, HIGH); 

        digitalWrite(Middle_Driction_digital_EN3, LOW); 

      } 

      else if (Middle_Force_error > 0 || AMP < 10   ) 

      { 

        analogWrite(Middle_Velocity_PWM_ENB, abs(Middle_output_dutyCycle) ); 

        digitalWrite(Middle_Driction_digital_EN3, HIGH); 

        digitalWrite(Middle_Driction_digital_EN4, LOW); 

      } 

    } 

    ////////////////////////////////////////////////////////////////drive Index 

    if ( abs(Index_Force_error) <= Index_force_dead_band  || Icollider == 1   ) 

    { 

      analogWrite(Index_Velocity_PWM_ENB, 0); 

      digitalWrite(Index_Driction_digital_EN4, HIGH); 

      digitalWrite(Index_Driction_digital_EN3, LOW); 

    } 

    else 

    { 

      if  ( Index_Force_error  < 0 || AIP > 90 || Icollider == 2   ) 

      { 

        analogWrite(Index_Velocity_PWM_ENB,  abs(Index_output_dutyCycle) ); 

        digitalWrite(Index_Driction_digital_EN4, HIGH); 

        digitalWrite(Index_Driction_digital_EN3, LOW); 

      } 

      else if (Index_Force_error > 0 || AIP < 10   ) 

      { 

        analogWrite(Index_Velocity_PWM_ENB, abs(Index_output_dutyCycle)); 

        digitalWrite(Index_Driction_digital_EN3, HIGH); 

        digitalWrite(Index_Driction_digital_EN4, LOW); 

      } 

      else 

      { 

        analogWrite(Index_Velocity_PWM_ENB, 0); 

        analogWrite(Middle_Velocity_PWM_ENB, 0); 

        analogWrite(Thumb_Velocity_PWM_ENB, 0); 

      } 

    } 

    //////////////////////////////////////////////////////////////END/////////////////////////////////////////////////////////////////////////// 

drive with EXO mode 

  } 

  if (EMGandSLIDER_mode == true ) 

  { 

    EXO_mode == false; 
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    int Thumb_input = ThumbPosByCsharp;       /////////////<<<<<<<<<get from C# 

    int Middle_input = MiddlePosByCsharp; 

    int Index_input = IndexPosByCsharp; 

    float Thumb_error_last = Thumb_error; 

    float Middle_error_last = Middle_error; 

    float Index_error_last = Index_error; 

    //Proportional Control 

    Thumb_error = Thumb_input - ATP; 

    Middle_error = Middle_input - AMP; 

    Index_error = Index_input - AIP; 

    unsigned long time0 = time1; 

    time1 = millis(); 

    unsigned int deltatime = (time1 - time0); 

    //derivative 

    float Thumb_derivative = (Thumb_error - Thumb_error_last) / (((double) (deltatime)) / 1000); 

    float Middle_derivative = (Middle_error - Middle_error_last) / (((double) (deltatime)) / 1000); 

    float Index_derivative = (Index_error - Index_error_last) / (((double) (deltatime)) / 1000); 

    //intigrate 

    Thumb_integral = ((Thumb_error + Thumb_error_last) / 2) * (((double) (deltatime)) / 1000); 

    Middle_integral  = ((Middle_error + Middle_error_last) / 2) * (((double) (deltatime)) / 1000); 

    Index_integral  = ((Index_error + Index_error_last) / 2) * (((double) (deltatime)) / 1000); 

    //PID output ;     dutyCycle duty is from -100 (100% backward) to +100 (100% forward) 

    int Thumb_output_dutyCycle = ((Thumb_Kp * Thumb_error) + (Thumb_Ki * Thumb_integral)) + 

(Thumb_Kd * Thumb_derivative); 

    if (Thumb_output_dutyCycle > 255  ) 

    { 

      Thumb_output_dutyCycle = 255 ; 

    } 

    else if ( Thumb_output_dutyCycle < -255 ) 

    { 

      Thumb_output_dutyCycle = -255; 

    } 

    else if (abs(Thumb_output_dutyCycle) < ((int)(255 / 6))) 

    { 

      analogWrite(Thumb_output_dutyCycle, 0); 

      digitalWrite(Thumb_Driction_digital_EN4, LOW); 

      digitalWrite(Thumb_Driction_digital_EN3, LOW); 

    } 

    int Middle_output_dutyCycle = ((Middle_Kp * Middle_error) + (Middle_Ki * Middle_integral)) + 

(Middle_Kd * Middle_derivative); 

    if (Middle_output_dutyCycle > 255  ) 

    { 

      Middle_output_dutyCycle = 255 ; 

    } 

    else if ( Middle_output_dutyCycle < -255 ) 

    { 

      Middle_output_dutyCycle = -255; 

    } 

    else if (abs(Middle_output_dutyCycle) < ((int)(255 / 6))) 

    { 

      analogWrite(Middle_Velocity_PWM_ENB, 0); 

      digitalWrite(Middle_Driction_digital_EN4, LOW); 

      digitalWrite(Middle_Driction_digital_EN3, LOW); 
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    } 

    int Index_output_dutyCycle = ((Index_Kp * Index_error) + (Index_Ki * Index_integral)) + (Index_Kd 

* Index_derivative); 

    if (Index_output_dutyCycle > 255  ) 

    { 

      Index_output_dutyCycle = 255 ; 

    } 

    else if ( Index_output_dutyCycle < -255 ) 

    { 

      Index_output_dutyCycle = -255; 

    } 

    else if (abs(Index_output_dutyCycle) < ((int)(255 / 6))) 

    { 

      analogWrite(Index_output_dutyCycle, 0); 

      digitalWrite(Index_Driction_digital_EN4, LOW); 

      digitalWrite(Index_Driction_digital_EN3, LOW); 

    } 

    /////////////////////////////////////////////////////////////// drive thumb 

    if ( abs(Thumb_error) <= DeadBand ) // || abs( Averaging_Thumb_ForceSensor - 

Thumb_force_Setpoint) < Thumb_force_dead_band ) 

    { 

      analogWrite(Thumb_Velocity_PWM_ENB, 0); 

    } 

    else 

    { 

      if  (Thumb_error < 0 || ATP > 90 ) 

      { 

        //analogWrite(Thumb_Velocity_PWM_ENB, map(abs(Thumb_output_dutyCycle) , 0 , 100 , 0 , 

255)); 

        analogWrite(Thumb_Velocity_PWM_ENB, abs(Thumb_output_dutyCycle)); 

        digitalWrite(Thumb_Driction_digital_EN3, LOW); 

        digitalWrite(Thumb_Driction_digital_EN4, HIGH); 

      } 

      else if (Thumb_error > 0 || ATP < 10 ) 

      { 

        analogWrite(Thumb_Velocity_PWM_ENB, abs(Thumb_output_dutyCycle)); 

        digitalWrite(Thumb_Driction_digital_EN4, LOW); 

        digitalWrite(Thumb_Driction_digital_EN3, HIGH); 

      } 

    } 

    ////////////////////////////////////////////////////////////////drive middle 

    if (abs(Middle_error) <= DeadBand  ) //|| abs(Averaging_Middle_ForceSensor - 

Middle_force_Setpoint) < Middle_force_dead_band ) 

    { 

      analogWrite(Middle_Velocity_PWM_ENB, 0); 

    } 

    else 

    { 

      if  (Middle_error < 0 || AMP > 90) 

      { 

        analogWrite(Middle_Velocity_PWM_ENB, abs(Middle_output_dutyCycle)); 

        digitalWrite(Middle_Driction_digital_EN4, HIGH); 

        digitalWrite(Middle_Driction_digital_EN3, LOW); 
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      } 

      else if (Middle_error >  0 || AMP < 10 ) 

      { 

        analogWrite(Middle_Velocity_PWM_ENB, abs(Middle_output_dutyCycle)); 

        digitalWrite(Middle_Driction_digital_EN3, HIGH); 

        digitalWrite(Middle_Driction_digital_EN4, LOW); 

      } 

    } 

    ////////////////////////////////////////////////////////////////drive Index 

    if (abs(Index_error) <= DeadBand   )// || abs(Averaging_Index_ForceSensor - Index_force_Setpoint) < 

Index_force_dead_band ) 

    { 

      analogWrite(Index_Velocity_PWM_ENB, 0); 

    } 

    else 

    { 

      if  (Index_error < 0 || AIP > 90) 

      { 

        analogWrite(Index_Velocity_PWM_ENB, abs(Index_output_dutyCycle)); 

        digitalWrite(Index_Driction_digital_EN4, HIGH); 

        digitalWrite(Index_Driction_digital_EN3, LOW); 

      } 

      else if (Index_error > 0 || AIP < 10) 

      { 

        analogWrite(Index_Velocity_PWM_ENB, abs(Index_output_dutyCycle)); 

        digitalWrite(Index_Driction_digital_EN3, HIGH); 

        digitalWrite(Index_Driction_digital_EN4, LOW); 

      } 

    } 

    //////////////////////////////////////////////////////////////END/////////////////////////////////////////////////////////////////////////// 

drive with EMG or slider mode 

  } 

  delay(10); 

  Serial.flush(); 

} 

///////////////////////////////////////////////////////////////////////////////// Data transmit scripts 

void recvWithStartEndMarkers() { 

  static boolean recvInProgress = false; 

  static byte ndx = 0; 

  char startMarker = '<'; 

  char endMarker = '>'; 

  char rc; 

 

  while (Serial.available() > 0 && newData == false) { 

    rc = Serial.read(); 

    if (recvInProgress == true) { 

      if (rc != endMarker) { 

        receivedChars[ndx] = rc; 

        ndx++; 

        if (ndx >= numChars) { 

          ndx = numChars - 1; 

        } 

      } 
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      else { 

        receivedChars[ndx] = '\0'; // terminate the string 

        recvInProgress = false; 

        ndx = 0; 

        newData = true; 

      } 

    } 

    else if (rc == startMarker) { 

      recvInProgress = true; 

    } 

  } 

} 

void parseData() {      // split the data into its parts 

  /////////////////////////////////////////// vr fb 

  int ThumbCollideOld = ThumbCollide; 

  int IndexCollideOld = IndexCollide; 

  int MiddleCollideOld = MiddleCollide; 

  ///////////////////////////////////////////vr fb 

  char * strtokIndx; // this is used by strtok() as an index 

 

  strtokIndx = strtok(tempChars, ","); // this continues where the previous call left off 

  modeByCsharp = atoi(strtokIndx);     // convert this part to an integer 

 

  strtokIndx = strtok(NULL, ","); // this continues where the previous call left off 

  ThumbPosByCsharp = atoi(strtokIndx);     // convert this part to an integer 

 

  strtokIndx = strtok(NULL, ","); 

  IndexPosByCsharp = atoi(strtokIndx);     // convert this part to an integer 

 

  strtokIndx = strtok(NULL, ","); 

  MiddlePosByCsharp = atoi(strtokIndx);     // convert this part to an integer 

 

  strtokIndx = strtok(NULL, ","); 

  ThumbCollide = atoi(strtokIndx);     // detects virtual collides with thunb 

 

  strtokIndx = strtok(NULL, ","); 

  IndexCollide = atoi(strtokIndx);     // detects virtual collides with Index 

 

  strtokIndx = strtok(NULL, ","); 

  MiddleCollide = atoi(strtokIndx);     // detects virtual collides with Middle 

 

  if ( modeByCsharp == 0 ) 

  { 

    EXO_mode = false; 

    EMGandSLIDER_mode = true; 

  } else 

  { 

    EMGandSLIDER_mode = false; 

    EXO_mode = true; 

  } 

  ///////////////////// thumb VR FB 

  if ( ThumbCollide == 6 )   { 

    Tcollider = 2;//  go back 
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  } 

  else if ( ThumbCollide == 7 && ThumbCollideOld == 6  )   { 

    Tcollider = 1;// Stop 

  } 

  else   { 

    Tcollider = 0;//do nothing 

  } 

  ///////////////////// Index VR FB 

  if ( IndexCollide == 6 )         { 

    Icollider = 2; 

  }  //  go back         } 

  else if ( IndexCollide == 7 && IndexCollideOld == 6  )         { 

    Icollider = 1;           // Stop 

  } 

  else         { 

    Icollider = 0;          //do nothing 

  } 

  ///////////////////// Middle VR FB 

  if ( MiddleCollide == 6 )         { 

    Mcollider = 2;            //  go back 

  } 

  else if ( MiddleCollide == 7 && MiddleCollideOld == 6  )         { 

    Mcollider = 1;       // Stop 

  } 

  else         { 

    Mcollider = 0;         //do nothing 

  } 

} 

void showParsedData() 

{ 

  delay(15); 

} 

void MovingAveraeForceSensor() { 

  /////////////////////////////////////////////////////////////////////////////////////////// Thumb ForceSensor 

  totalForce_Thumb = totalForce_Thumb - readingsForce_Thumb[readIndexForce_Thumb];          // 

subtract the last reading 

  readingsForce_Thumb[readIndexForce_Thumb] = analogRead(Thumb_ForceSensor_Analog);         // 

read from the sensor 

  totalForce_Thumb = totalForce_Thumb + readingsForce_Thumb[readIndexForce_Thumb];          // add 

the reading to the total 

  readIndexForce_Thumb = readIndexForce_Thumb + 1;                                          // advance to the next 

position in the array 

  if (readIndexForce_Thumb >= numReadingsForce_Thumb)                                       // if we're at the end 

of the array... 

  { 

    readIndexForce_Thumb = 0;                                                               // ...wrap around to the beginning:  

  } 

  Averaging_Thumb_ForceSensor = abs(totalForce_Thumb / numReadingsForce_Thumb); 

  /////////////////////////////////////////////////////////////////////////////////////////// Index ForceSensor 

  totalForce_Index = totalForce_Index - readingsForce_Index[readIndexForce_Index];          // subtract the 

last reading 

  readingsForce_Index[readIndexForce_Index] = analogRead(Index_ForceSensor_Analog);         // read 

from the sensor 
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  totalForce_Index = totalForce_Index + readingsForce_Index[readIndexForce_Index];          // add the 

reading to the total 

  readIndexForce_Index = readIndexForce_Index + 1;                                          // advance to the next 

position in the array 

  if (readIndexForce_Index >= numReadingsForce_Index)                                       // if we're at the end of 

the array... 

  { 

    readIndexForce_Index = 0;                                                               // ...wrap around to the beginning:  

  } 

  Averaging_Index_ForceSensor = abs(totalForce_Index / numReadingsForce_Index); 

  /////////////////////////////////////////////////////////////////////////////////////////// Middle ForceSensor 

  totalForce_Middle = totalForce_Middle - readingsForce_Middle[readIndexForce_Middle];      // subtract 

the last reading 

  readingsForce_Middle[readIndexForce_Middle] = analogRead(Middle_ForceSensor_Analog);      // read 

from the sensor 

  totalForce_Middle = totalForce_Middle + readingsForce_Middle[readIndexForce_Middle];      // add the 

reading to the total 

  readIndexForce_Middle = readIndexForce_Middle + 1;                                        // advance to the next 

position in the array 

  if (readIndexForce_Middle >= numReadingsForce_Middle)                                     // if we're at the end 

of the array... 

  { 

    readIndexForce_Middle = 0;                                                              // ...wrap around to the beginning: 

  } 

  Averaging_Middle_ForceSensor = abs(totalForce_Middle / numReadingsForce_Middle); 

} 

void MovingAveragePositionSensor() { 

  /////////////////////////////////////////////////////////////////////////////////////////// Thumb PositionSensor 

  totalPosition_Thumb = totalPosition_Thumb - readingsPosition_Thumb[readIndexPosition_Thumb];  // 

subtract the last reading 

  readingsPosition_Thumb[readIndexPosition_Thumb] = analogRead(Thumb_Position_Analog);         // 

read from the sensor 

  totalPosition_Thumb = totalPosition_Thumb + readingsPosition_Thumb[readIndexPosition_Thumb];          

// add the reading to the total 

  readIndexPosition_Thumb = readIndexPosition_Thumb + 1;                                          // advance to the 

next position in the array 

  if (readIndexPosition_Thumb >= numReadingsPosition_Thumb)                                       // if we're at the 

end of the array... 

  { 

    readIndexPosition_Thumb = 0;                                                               // ...wrap around to the 

beginning: 

  } 

  /////////////////////////////////////////////////////////////////////////////////////////// Index PositionSensor 

  totalPosition_Index = totalPosition_Index - readingsPosition_Index[readIndexPosition_Index];  // 

subtract the last reading 

  readingsPosition_Index[readIndexPosition_Index] = analogRead(Index_Position_Analog);         // read 

from the sensor 

  totalPosition_Index = totalPosition_Index + readingsPosition_Index[readIndexPosition_Index];          // 

add the reading to the total 

  readIndexPosition_Index = readIndexPosition_Index + 1;                                          // advance to the 

next position in the array 

  if (readIndexPosition_Index >= numReadingsPosition_Index)                                       // if we're at the 

end of the array... 
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  { 

    readIndexPosition_Index = 0;                                                               // ...wrap around to the beginning: 

  } 

  /////////////////////////////////////////////////////////////////////////////////////////// Middle PositionSensor 

  totalPosition_Middle = totalPosition_Middle - readingsPosition_Middle[readIndexPosition_Middle];  // 

subtract the last reading 

  readingsPosition_Middle[readIndexPosition_Middle] = analogRead(Middle_Position_Analog);         // 

read from the sensor 

  totalPosition_Middle = totalPosition_Middle + readingsPosition_Middle[readIndexPosition_Middle];          

// add the reading to the total 

  readIndexPosition_Middle = readIndexPosition_Middle + 1;                                          // advance to the 

next position in the array 

  if (readIndexPosition_Middle >= numReadingsPosition_Middle)                                       // if we're at the 

end of the array... 

  { 

    readIndexPosition_Middle = 0;                                                               // ...wrap around to the 

beginning: 

  } 

} 
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