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ABSTRACT

DESIGN AND ANALYSIS OF AN OVERCONSTRAINED MANIPULATOR
FOR REHABILITATION

ALDULAIMI, Hassan
M.Sc., Department of Mechanical Engineering
Supervisor: Asist.Prof.Dr. Ozgiin SELVI

April 2015, 52 pages

A parallel manipulator is a closed loop kinematic chain mechanism that is attached to
the base by at least two limbs in parallel. Compared with the serial, the parallel
manipulator has higher load-carrying capacities, higher accuracy, higher stiffness and
lower inertia. Due to these advantages the parallel manipulator become viable
alternative for wide applications, therefore it have been the subject of study of many

research during the recent three decades.

However, these kinematic closed loops also have some disadvantages, such as
limited workspace, complicated forward kinematics, high cost and complicated
structures. To overcome these disadvantages parallel manipulators with less than 6-
DoF can be used. Also, designing a parallel manipulator with less than six degree of

freedom for a subspace can relatively reduce the complexity.
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This thesis deals with one of the applications of parallel manipulator as a
rehabilitation robot. This device is an over —constrained parallel manipulator 5
degree of freedom with 3 legs. This manipulator consists of a moving platform which
is connected to a fixed base via three legs. Each leg is made of RRR(RR) (revolute)
joints where the first three joint in all legs are parallel and the recent two joint are

intersecting .

Inverse kinematics of this device including position velocity and acceleration are
studied. In addition, the workspace of the parallel manipulator is analyzed. A design
optimization is conducted for the prescribed workspace of the device. Finally, this
thesis also deals with the dynamic modeling the manipulator using an approach of
the principle of virtual work. The equations of motion of the manipulator are derived
by considering its motion characteristics. To reduce computations, inverse Jacobian
matrices for manipulators are derived to give relations between input and output

variables.

Keywords: Rehabilitation Robotics, Overconstrained Manipulators, Workspace

analysis, Dynamics Analysis.
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REHABILITASYON iCiIN KULLANILACAK BiR KISITLI
MANIPULATORUN TASARIMI VE ANALIZI

ALDULAIMI, Hassan
Yiiksek Lisans, Makine Miihendisligi Anabilim Dali
Tez Yoneticisi: Asist.Prof.Dr. Ozgiin SELVI
Nisan 2015,52 sayfa

Paralel manipiilatorler yere birkag bacak ile baglanan sistemlerdir. Seri
manipiilatorler ile karsilastirildiginda daha yiiksek yiik tagima kapasitelerine, daha
yiiksek hassasiyet degerlerine, yliksek dayanim ve diisiik eylemsizlige sahiptirler. Bu
ozellikleri sayesinde paralel manipiilatorler birgok alanda kullanilmaktadir ve ayrica
son 30 yildir bir¢ok arastirmalara konu olmaktadir.

Ancak paralel manipiilatorlerin  kisithh calisma alan1 karmasik diiz kinematik
hesaplari, yiiksek maliyet ve karmasik yapiya sahip olma gibi baz1 dezavantajlar1 da
mevcuttur. Bu dezavantajlarin {istesinden gelebilmek icin alt serbestlikten daha
diisiik sayida serbestlik igeren manipiilatdrlerin ¢alisilmasina hiz verilmistir. Ozel bir
alt uzay i¢in tasarlanmis bir manipiilator sistemin karmasikligini diistirecektir.

Bu tezde paralel bir manipiilatoriin rehabilitasyon amaci ile tasarimi ve analizi
gerceklestirilmistir. Onerilen sistem bes serbestlikte ve yere 3 bacaktan

baglanmaktadir. Her bir bacak RRR(RR) yapilandirmasmna sahiptir. Biitiin
vi



bacaklardaki ilk {ic mafsal birbirine paralel iken son iki mafsallar eksenleri cakisacak
sekilde yerlestirilmistir.

Verilen pozisyon hiz ve ivme degerlerine gore motor pozisyon hiz ve ivme
degerlerinin hesaplanmasi i¢in ters kinematik yontemler kullanilmistir. Ek olarak
sistemin ¢aligma alani analizi yapilmig ve optimum bir sonug elde edilmistir. Son
olarak edimsiz i§ prensibi kullanilarak sistemin dinamik modellemesi yapilmistir.

Hesaplamalar1 kolaylastirmak adina sistemin Jacobi matrisleri ortaya ¢ikarilmstir.

Anahtar Kelimeler: Rehabilitasyon Robotlar1, Kisithh Manipiilatorler, Calisma Alani
Analizi, Dinamik Analiz.

vil



ACKNOWLEDGEMENTS

Thanks to God the most compassionate and the most merciful. May Allah’s mercy
and peace be upon our leader Mohammed who invites us to science and wisdom, and
members of his family and his followers.

I would like to express my sincere gratitude to Assist.Prof.Dr. Ozgiin SELVI for his
supervision, special guidance, suggestions, and encouragement through the
development of this thesis.

Special thanks for the Mechanical engineering department, university of Cankaya.
Especially Prof. Dr. Sitki Kemal IDER “head of the Mechanical Engineering” for
offering me all the requirements to facilitate in carrying out this work.

Special thank for the man who gave me everything without waiting return my father
and thanks continued to the woman who taught me love and strength my mother.
Also thanks continued to spring of my life who stands by me in time of sickness and
health, who the letters of her name reflect the meaning of loyalty, she always
supports me to continue in my success journey my wife “EKHLAS”. Also I want to
mention my dearest children who suffered of my expatriation during my studying
years.

Finally, my thanks go to members of my family my brothers and sisters, and to every
one helped in carrying out this thesis in one way or another. My God bestow health

and happiness to all of them.

viil



TABLE OF CONTENTS

STATEMENT OF NON PLAGIARISM.. ..ot 111
ABSTRACT ..o v
O Z .o, vi
ACKNOWLEDGEMENTS . ... e, viil
TABLE OF CONTENTS. ... X
LIST OF FIGURES. . ... e e, Xi
LIST OF TABLES. ... e Xiii
LIST OF ABBREVIATIONS ... .ot X1v
CHAPTERS:
1. INTRODUCTION....c.ccttiririniriririnietetetese sttt st eb et 1
1.1, Background........occooooiiiioiieeeeeeeceeeee e s 1
1.2 Classification of Robots Manipulators................ccoviiiiiiiinnn.... 3
1.2.1.  Serial manipulator.............cooiiiiiiiiiii 4
1.2.2. Parallel manipulator.........ccccooooeiiiiiiiiii e, 5
1.2.3.  Hybrid manipulator..........ccccceeeeiieiiiieiiie e, 6
1.3.  Application of Parallel Manipulator............ccceeviieenieenniiieniieeeieee, 7
1.3.1. Application as SIMulator..........ccceeeevveeriiieeriiieeriie e 7
1.3.2.  Medical application..........ccceeeveeeiiieeiiiieiiie e 8
1.3.3. Industrial applications.........c.ceeevreeriireeriiieeriie e 10
1.3.4. Applcication in rehabilitation and health care......................... 11
1.4, LiIterature SUIVEY........oouiitiiiiiiiiiiie et 12
1.5. An Overconstrained Manipulator for Rehabition Purposes............... 17
2. KINEMATICS MODELIND.......ccccttitiientieieeeeseeie e e 19
2.1. Geometry of The Manipulator............cccccvveiiieiniiiiiiie e 19
2.2, MethodOIOZY......coouiiiiiiiiieiie e 20
3. WORKSPACE ANALYSIS. ..ottt 29



3.1. Method for Describing Reachable Workspace..........ccccceevevericveennnnnnns 31

3.2.  Implemented AIGOrithm.........cceeviiiiiiiiiiiice e 36

4. DYNAMIC MODELING. ..ottt et 40
4.1. Principle of Virtual Work.........ccccoooiiiiiiiiiiiiiceeeeeee e 41

4.2. Jacobian (Velocity) Analysis of The Manipulator..........c.cccccvvevvvennenn. 43

4.3. Acceleration Analysis Using Jacobian...................covviiiiiinn.n.. 47

4.4. Force Analysis Using Jacobian................ccooviiiiiiiiiiiiiininnnnn. 47

5. CONCLUSION. ...ttt ettt sttt stte sttt e e st et e e e e enteeaeenees 51
REFERENCES ...ttt ettt et et st se st et enees R1
APPENDICES. ...ttt ettt et et eeae e Al
A. Mathmatica Code for Solving Workspace...............cooviiiiiiiiii Al

B. Mathmatica Code for Solving Kinematic and Dynamic........................... A4
CURRICULUM VITAE......oi e e A7



FIGURES

Figure 1
Figure 2
Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

Figure 8

Figure 9

Figure 10
Figure 11
Figure 12
Figure 13
Figure 14
Figure 15
Figure 16
Figure 17
Figure 18
Figure 19
Figure 20
Figure 21
Figure 22
Figure 23
Figure 24
Figure 25

LIST OF FIGURES

Serial manipulator (Scorbot 1obot)........ccceeeiieiiiiniiniiiiiiieeiene. 4
Parallel manipulator (Flex Picker IRB 340 )......ccccceevvevieeiiienieene, 6
Hybrid manipulator (Vertex Antennentechnik )...........ccceevvveennnnn. 6
Gough platform simulator..............ooooiiviriiiiierie e, 7
Flight simulator based on an octahedral hexapod..............ccceeeeenns 7
Earthquake simulations............cccueevviiieeiieiniieece e 8
Microdex alpha prototype.......c.eeeeveeeiiieeiieieciieecee e 8
Mazor and arthroscopic knee surgery.........cceccveeeeveevevienieeesneeeeeneen. 9
HeadFIX prototype........coeveeiiieeiie et 9
The SurgiScope ProtOLYPE.....cccvveeerireeriieeriie e e e e e e e seee e 10
The Variax of Gidding & Lewis deviCe........ccceevvvverrieeenieeeniieeeenen. 10
CNC MACKINES. ... .eoiiiiiiiiiiiiiiie ettt e 11
POSItIONING AEVICES.......vviiiiieeiiieeeiie e 11
Rehabilitation robOtiCS. ......eovueeiieiiiiiieeec e 12
5 DOF over —constrained parallel manipulator..............c.ccccvveennennns 18
The geometry of the Manipulator............ccceeeeieenniienieeceeeeeee, 20
The geometric of manipulator with imaginary joints........................ 21
The vectors of spherical part...........cccvveveieeecieiiiie e, 22
The orientations of the platform and platform joints in space........... 23
The planar Part..........ccceeeeeeeeiiieeeiie e e 24
The first leg of manipulator..........ccceeeeveeeiiiieeiieeeeeee e 25
The second leg of manipulator...........cccveeeiiieiiiiieiiie e, 26
WISt MOVEMENL. .....eiiiiiiie ittt s e 32
The human hand with mechanism............ccccoooiiiiiniinii, 32
The boundary workspace of orientation (01, 62, 83)....cccceeeuverrnnnnns 34



FIGURES

Figure 26
Figure 27
Figure 28
Figure 29
Figure 30
Figure 31
Figure 32
Figure 33
Figure 34

The translation of platform with orientation O1............ccccceveerninnie. 36
The algorithm of spherical part.........c.cccccveeriieiniieiiie e 37
The algorithm of planar part..........cccceevveeeiiieiiiieeeeeee e, 38
The vectors of spherical part...........cocvveeeieienieienieiee e 43
The orientation of platform with respect to time............ccoeeereencen. 48
The transtation oh platform with respect to time...........ccceeevveeennneen. 49
The position of motors orientation with respect to time.................... 49
The vilocity of motors with respect to time..........ccceevvveerviieerieeennnee. 50
The torque of motors with respect to time..........ceccvverveveerviieeneieennen. 50

xii



LIST OF TABLES

TABLES
Table 1 The design variables of spherical part............ccccveeviveenieeenieenns 36
Table 2 The design variables of planar part..........cccceeeeieenieienieeenieeeee, 36

xiil



LIST OF ABBREVIATIONS

Degree of freedom

Spherical parallel manipulator

Three revolute joints with axes are parallel
Two revolute joints with axes are intersecting
Prismatic joint

Universal joint

Spherical joint

Revolute joint

X1V



CHAPTER 1

INTRODUCTION

1.1 Background

At the outset, most manufacturing produced by craftsmen and the quality of product
depended on dexterity of the craftsmanship which is known as manual production. At
the beginning of the last century the industrial witness improve in manufacturing
processes, the concept of mass production was introduced by the Ford Motor
Company where most manufacturing processes accomplish by special purpose
machines .This method reduces the cost of manufacturing .However, the machine is
designed to perform a special task, and every model introduced can be very

expensive.

Recently, manufacturing industries introduced robot manipulators  to perform
certain production tasks, such as spot welding, assembling and material handling and
improve robot manipulator for different tasks and products became affordable. In
recent years, the robot manipulator are controlled by computer or microprocessors
(flexible automation) and its reprogrammed to perform different tasks and no need to
change these machines in a new model. Flexible automation has high accuracy and it

1S more economical.

A robot can be defined as a mechanical system under automatic control that is
designed to perform operations such as moving materials, tools, parts or devices
through variable programmed motions for variety tasks. Another definition includes
walking machines, mechanical manipulators, numerical control machines and device

that operate automatically or by remote control.



A robotic system usually consists of a mechanical manipulator (links and joints),
external sensing devices, a controller, a computer and an end effector, which is a
mediator between the environment and its manipulator. A manipulator can be
classified as a machine which is the transformation external energy by electrical,
hydraulic or pneumatic components in to useful work. These works can be
exemplified as welding, carrying loads, pick and place operations, assembly and
other industrial operations. Although, many definitions of robotic, the best one
describes it as a mechanical being built to do routine manual work for human beings.
A parallel manipulators is a device which has a moving platform that is attached to
the base via several independent kinematic chains .Compared with the serial, the
parallel manipulator has higher accuracy, higher load-carrying capacity, higher
stiffness, lower inertia and static balance. Due to these qualities the parallel
manipulator become viable alternatives for wide applications, such as simulators,
medical applications, industrial application, rehabilitation and health care

applications.

Rehabilitation robotics is one of the technology-based solutions that use to assist
persons who becomes unable to do necessary activities or that provide therapy for
persons who are in need of improving their physical or cognitive functions. Also it is
used for other aspects such as prosthetics development, technology for the diagnosis
and monitoring and functional neural stimulation. The robotic therapy for the upper
extremity to improve the hand and wrist motion will be studied in this thesis.

In general, during the design of rehabilitation robotics or any robot many criteria
should be considered such as workspace, dexterity, singularity avoidance, dynamics,
and stiffness. These estimation criteria can be classified into two set: one relates to
the kinematic performance and the other relates to the dynamic performance of the

manipulator.

The kinematics model can be used to find analytical relations between the values of
the actuated joints (input variables) and the location of the moving platform (output
variables) .Where, the equations that represent relations between the input and the
output variables of a robotics are called the kinematic equations. The equations that
represent relations between input and output velocities in a robotics are called the

instantaneous kinematic variables of the mechanism. Forward kinematics and inverse

2



kinematics are the two types of kinematics problem. The forward kinematics
problem is used for finding the required positions and orientations of the moving
platform for a given actuator displacement or rotation. In contrast, the inverse
kinematics problem, deal with finding the set of input variables that correspond to
desired configuration of the moving platform.

The workspace of robot related with kinematics and design of robotics. Where, the
workspace of the parallel manipulator can be defined as configuration set of the end-
effector which can be reached by describing architectural parameter values.

The dynamic analysis is essential part in describing the behavior of mechanical
systems and getting their best performance. Dynamical problems are listed in two
categories. First, the forward dynamics problem, the applied actuator forces and/or
moments of a robot are given and the aim to find the response arm. Second, in the
inverse dynamics problem the desired force of the manipulator on a trajectory is

given and the aim is to find the required actuator forces and/or moments.

There are three main approaches to solve the dynamical equations: The principle of
virtual work, Newton—Euler laws and the Lagrangian multiplier. The Newton—Euler
formulates the motion equations of each body of a mechanism should be written,
thus that leads to a large number of equations. The forces of the actuators and the
reactions in the joints are calculated from simple equilibrium equations of the
platform and the limbs. The principle of virtual work is the active approach for
dynamic equations of parallel manipulators where, the constraint forces and moment
at the joints are eliminated from the motion equations. The Lagrangian multipliers
method is based on the differentiation of kinetic energy and potential energy with
respect to variables of the system and time. The benefits of this approach all forces,

reaction and moments are eliminated at the beginning.

1.2 Classification of Robot Manipulators

We can classify robots according to kinematic structure to three basic architectures.
These architectures are characterized by the model of kinematic chains connecting
the base link of the manipulator to the output link. The three basic parallel
manipulators are:

e Serial manipulator.



e Parallel manipulator.

e Hybrid manipulator.

1.2.1 Serial Manipulators

Serial manipulators can be defined as open loop kinematic chains which consists of
several links this links that are connected by joints. One end of chain is attached to
the base and the other end is free moving and attached with a gripper or a mechanical

hand.

W | Link 4]

[ Link 5

- End
effector

R

Base
Figure 1 Serial manipulator
Scorbot robot (Courtesy of Eshed Robotec Inc., Princeton, New Jersey)
(Source: Tsai-Robot Analysis)

Serial manipulators exhibit several advantages such as large workspace , high
dexterity and simple with single-valued solution of direct kinematics problem. The
direct kinematics problem is defined as calculating the location of the end effector
for a given set of the joint variables. However, serial manipulators suffer from
several disadvantages which include low accuracy, low payload-to-weight ratio and
high inertia. The low accuracy is due to the joint errors are cumulative and
deflections in the links. The low payload-to-weight ratio due to the weight of the
successor links are affected on every actuator. The high inertia stems from the large

number of moving parts that are connected in series, thus forming long beams with



high inertia, there for serial manipulators cannot be used with applications which are
requiring high acceleration and agility. Complicated with multiple solutions of
inverse kinematics problem is another disadvantage of serial manipulators. The
inverse kinematics problem is defined as finding the required values of joint

variables that correspond to a desired location of the end effector.

1.2.2. Parallel Manipulator

Parallel manipulators can be defined as a closed kinematic loop mechanism with a
moving platform (end-effector) attached to the base with several limbs in parallel.
The motion of the platform is achieved by simultaneous actuation of the kinematic
chains extremities, and these manipulators are working in cooperation. The parallel
manipulators support the end effector with at least two chains and these chains
contains at least one simple actuator. Therefore parallel manipulators can bear heavy
loads because the load is distributing on the chains and the several legs shares the
external loads, this is the most important advantage for parallel manipulators.

The number of actuators in parallel manipulators is equal the degree of freedom of
platform. Therefore the number of actuators is minimal, thus the number of sensors
for parallel manipulators control of mechanism is minimal. Additionally, high
stiffness 1s one of the advantages of parallel manipulators and the stiffness has direct
effect for position accuracy. Another advantage of parallel manipulator high
precision, high agility, low inertia and the inverse kinematics problem is simple
solution. The high precision of these robots stems from non- cumulative of joint
errors and sharing the load by several kinematic chains. Also parallel manipulators
exhibit several disadvantages which are limited workspace, low dexterity,
singularities occur in side and envelope of workspace and the direct kinematics

solution are complicated.

This advantage and disadvantage of parallel manipulator can be exploited for suitable
implementation include limited workspace, high precision ,high agility and high
payload-to weight ratio for used parallel manipulators in industry and scientific
facilities such as flight simulation ,earthquake simulation ,medical applications and

industrial application.



Figure 2 Parallel manipulator

(Source: J.P.Merlett - Parallel Robots 2nd Edition)

1.2.3 Hybrid Manipulator

The combination of both serial and parallel manipulator of kinematic chains in a
mechanism leads to a third type of architecture, which is called the hybrid
architecture. The hybrid architecture combines both advantages and disadvantages of
the parallel and serial mechanisms. Fig .3 presents the hybrid manipulator which

consist from two parallel manipulators connected as serial.

Figure 3 Vertex Antennentechnik a telescope pointing system( Hybrid manipulator)

(Source: J.P.Merlett - Parallel Robots 2nd_Edition)



1.3. Application of Parallel Manipulator

Parallel manipulators have found numerous applications in industries ranging

1.3.1. Application As Simulators

In 1947 , the first octahedral hexapod was invented by Dr. Eric Gough and became

the most popular. The moving platform is attached to the ground by six links with

varying lengths and the one that has been replicated over a thousand times.

Figure 4 Gough platform simulator

(Source:Merlet- parallel manipulator)

Another flight simulator was fabricated by Klaus Cappel in 1964 shown in Fig.5
which have three rotations and three translations to simulate a flying object in space.
At the same time the Stewart's paper describe motions of platform for flight

simulation by six legs constructed by pneumatic cylinders.

Figure.5 Flight simulator based on an octahedral hexapod



Furthermore, the parallel architecture is utilized for earthquake simulators by (casino
parallel manipulator) Fig .6.a the vibration of the ground is described by a single
platform which is connected to base by three identical legs. Another studied of
earthquake simulator in laboratory in university of Nevada Fig. 6.b this type of

parallel manipulators is utilized to describe the shake.

Figure 6 (a) earthquake simulations  (b) shake simulations
(Source: ceccarelli et.al)

1.3.2 Medical Applications

Parallel manipulators feature high precision and high stiffness there for becoming
popular in medical area due to these advantages. As a result, the robotic devices are
produced by several companies in medical market. The microdex alpha prototype is
one product of medical device that have high precision shown in Fig.7. Therefore,
this mechanism is utilized for special operations such as, certain aneurysms, brain
tumors and cervical spine problems and this type of manipulators are controlled by a

doctor in surgery process.

Figure 7 Microdex alpha prototype

(Source: advanced robotics for medicine and industry 2008)



Another product, Mazor that includes both close and open kinematic chain as shown
in Fig.8(a),which is fabricated to make the surgical environment more accurate and
more safety . Furthermore, the prototype robot, shown in Fig. 8(b), has been

developed for testing in medical tasks such as Arthroscopic knee surgery and

manipulating a laparoscope.

Figure 8(a) Cutting-edge technology (Mazor) . (b) the device for arthroscopic knee
surgery ( Source: SmartAssist 2008).

Also parallel manipulators are used in scanning operations. One product is Headfix
shown in Fig. 9. This system is specifically designed to overcome the drawbacks of

conventional invasive fixation and non-invasive thermoplastic masks.

Figure 9. HeadFIX prototype
(Source: Medical Intelligence 2008)

Another device is manufactured for scanning brain or neurology in medical area

Surgiscope shown in Fig.10. The mechanism is constructed on three identical legs to



make necessary motions. A camera is placed on the moving platform and

manipulator is mounted downward.

TR T S R R U

Figure 10. The SurgiScope prototype
(Source: iSiS 2008)

1.3.3 Industrial Applications

The applications of parallel robots in machine tools have the largest economic impact
in industry .The first milling machine was given by the Giddings & Lewis company
called Variax. Its possesses six degrees of freedom, it was based on the principle of
the Gough platform which was five times stiffer than a classical machine and high

speed.

GIDDINGS & LEWIS

Figure 11 The Variax of Gidding & Lewis, presented in 1994
(source: J.P.Merlett - Parallel Robots 2nd_Edition)

10



Anthor applecation of parallel structures in CNC machines.

Figure 12 (a) the Genius 500 (b) the Trijoint 900H
(source: J.P.Merlett - Parallel Robots 2nd_Edition)

Parallel robots are favorite in applications of positioning devices and several

companies produce fine positioning devices and the down picture show that device.

Figure 13. (a) the Paros robot. (b) the HR1 robot
(source: J.P.Merlett - Parallel Robots 2nd_Edition)

1.3.4 Application in Rehabilitation and Health Care

The field of rehabilitation robotics is one of technology-based solutions that use to

assist persons who become unable to do necessary activities and disability to interact

11



physically with environment and do major life activities. In general the field of
rehabilitation robotics represent by therapy and assistance robots. However, its
includes functional neural stimulation, artificial limb development, and technology
for the diagnosis and monitoring of people during ADLs .In addition, rehabilitation
robotics used in another filed such as, therapy for walking, movement therapy after

neurologic injury and therapy for the upper extremity.

Figure 14

(a)Arm-therapy robotic systems (b) Gait-training robotic systems
(source: rehabilitation and health care, H.F. Machiel Van der Loos, David. J )

1.4 Literature Survey

Properties and usage areas of parallel manipulators led scientists to work in this area.
Recently, researchers have tried to use these features to develop parallel manipulator.
Merlet [1] presents famous treatise on parallel robots in his book {Parallel robots}.
He introduces the studies on the kinematic analysis, static, dynamic analysis, singular
configurations, workspace and finally design. A rather detailed analysis of Parallel
Manipulators has been studied by Merlet [2] general mathematical framework
inverse Jacobian matrices was estimated. It focuses on motions of the end-effector
that cannot be detected by measurement of the actuated joint space parameters. Tsai
[3] provided in his book (Robot analysis) both fundamental and advanced topics of

position analysis, Jacobian analysis, statics and stiffness and dynamics analysis for

12



both serial and parallel manipulator. In addition, he studied with wrist mechanisms
and tendon-driven manipulators. Another study of parallel manipulator by Niku[4] is
done where the kinematics analysis is developed which including forward and
inverse kinematics that explores position , transformations and orientation analysis
as well as the Denavit- Hartenberg method is represented and continues with velocity
analysis. Also dynamics analysis base on Lagrangian equations is developed. In
addition, its covers motion controls system, trajectory planning and sensors. The
Stewart-Gough parallel platform manipulator is the most common robot. The moving
platform is attached to the fixed base with six extensible legs via spherical joint.
Each leg consist two links that are connected via prismatic joint. This structure is

called (SPS) with 6-DOF. Therefore, it is based on much research topic [5-7].

The rehabilitation robotics one of the applications of parallel manipulator that use to
assist patients who becomes unable to do necessary activities. Machiel [8] provide
descriptions of the main achievements of rehabilitation robotics field and domains of
this robotics with short history. Also, describes both of therapy robots for physical
therapy and training and assistance robots for people with disabilities. For the hand
rehabilitation device, it is important to provide some criterion to guide the design or
evaluate the performance .Li-Chieh [9]proposed the functional workspace of palmar
opposition of with respect to maximal workspace of the other fingers with two-
dimensional to characterize the motor capability. Zheng [10] proposed an
exoskeleton of hand rehabilitation assistive device. The workspace and kinematics of

this device for thumb and index finger rehabilitation are considered.

The frequency of movement repetitions in robot-aided therapy is more practical. To
provide passive movements, should be selected pre- determined trajectory (trajectory
tracking) [11-13]. Also the safety requirement plays important role in design of
rehabilitation robotics. Kang [14] studied an adaptive control strategy for
exoskeleton robotic of 5 DoF upper limbs. To improve the safety of robotic should

be considered the architecture of robot, unknown variances and actuator faults.

In the past most of the attention was given to parallel mechanisms which has six-
degree of freedom (DoF). Alternative six-DoF platforms have been proposed and

analyzed by different authors. But, it is seen that six DoF is not needed in many

13



applications. Parallel manipulators with low mobility have simpler mechanical
structures, fewer actuators and simple control mechanisms.

Yi Lu [15] proposed a 5-DoF 3UPS parallel manipulator with two composite
rotational/linear active legs. A prototype of this mechanism and its displacement are
constructed. The formulas of velocity and acceleration of composite active leg are
derived, in addition a reachable workspace is analyzed by using geometric approach.
Finally, kinematics and statics are solved. SiJ. Zhu [16] presented six practicable of
5-DoF 3R2T parallel manipulator fully-symmetrical and studied the singularity for
each type with screw theory and Grassman geometry, and a prototype 5-RRR(RR) as
a mechanism example is analyzed with symbol expression and numerical figure.
Dynamics model analysis was developed of five degrees of freedom (5-DoF) parallel

manipulator for aero engine spindle dual-rotor by Qinghua [17].

Structural Synthesis is one of main studies on parallel manipulators that studied
mechanical architectures. The number of joints and type of joints is calculated by
knowing the motion of the platform, degree of freedom, number of legs, number of
hinges and branch loops. We can obtain different structures by using exchangeability
of kinematic pairs.

Selvi [18] described a generalized approach for structural synthesis and creation of
new overconstrained manipulators and to describe a potentially generalizable
approach for function and motion generation synthesis of overconstrained
mechanism. Feng [19] based on Plucker coordinates for design of structures of
parallel manipulator of several new types of composite pairs and obtain several new
types of parallel robotic mechanisms with 2, 3, 4 and 5-DOF. Huafeng [20]
presented The structural synthesis of 5-DOF parallel manipulator by a computer-
aided method is proposed for both symmetrical and asymmetrical, where databases

are established corresponding kinematic structure.

The kinematics model is essential part for insure the positioning of the end —effector
and find analytical relations between the input variables with respect to output
variables (location of the end —effector) to obtain optimal design of mechanism.
Medical robot is proposed by Nicolae[21] ,present kinematics modeling of 5- DoF
parallel manipulator, which could be utilized for brachytherapy. That use to deliver

high doses of radiation inside the tumors for cancer treatment. Both the forward and
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inverse kinematics are analyzed, workspace and singularities are studied. The
analytic formulae for inverse and direct of displacement, velocity and acceleration
for 4-DoF over-constrained parallel manipulators with three legs (RRPU + 2UPU)

are derived also reachable workspace are analyzed by Lu [22].

Inverse kinematics can be used to obtain optimal design of mechanism .many
researchers used and present new methods for inverse kinematics. Zhao [23] studied
the inverse kinematics of three rotational DoF ,where  position, velocity and
acceleration are considered. Also dynamic model is analysis by using the principle of
virtual work and presented. The total actuating torques related to velocity, gravity,
and the acceleration. In addition, calculated torque with respect to external force.
Williams [24] proposed 3-DoF parallel manipulator with three limbs. Inverse
kinematics of position and velocity are calculated for abroad class (RRR, RRP, RPR,
RPP, PRR, PRP, and PPR) of planar manipulator. Where, the actuated joint rates are

fined by derived inverse Jacobian matrices.

The design of the workspace for parallel robots includes finding optimal set of
configurations of the end-effector which can be reached by some choice architectural
parameter values. Therefore, the workspace of manipulators is an influential issue for
the design of robots. The problem of determining the workspace received
considerable attention by many researchers. Feng Gao [25] was investigated the
relationships between the link lengths and the shapes of the workspaces of (3-DOF
PPMs) and presented various of shapes of the workspaces for each architecture to

obtain optimal design of manipulator.

Different types of workspaces have been proposed, such as maximal workspace,
constant orientation workspace,  inclusive maximal workspace, and dexterous
workspace. The reachable and dexterous workspaces for parallel manipulators are the
most useful. Several researchers have deal with the reachable and dexterous
workspace. Gallant [26] presented the geometric method to determine of the
dexterous workspace of two architectures the n-RRRR and the n-RRPR. The
dexterous workspace of three degree of freedom parallel manipulator is studied and
the changes of the workspace volume are presented with change of the architectural

parameters and find the size, shape and workspace relative to the particular set
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architectural parameters of mechanism [27]. Novel idea was presented by Z. Wang
and Shiming Ji [28] for determining the dexterous and reachable workspace of a
general parallel manipulators and calculating their boundary by used a new

numerical method, called “‘stratified boundary search technique’’.

A numerical method was developed to prescribe the workspace and obtain optimal
design of spherical parallel manipulators (SPM) for maximum dexterity [29]. A
general method was developed to prescribe a compatible orientation workspace for a
six degree of freedom parallel manipulator [30]. Where, the boundary of workspace
for any manipulator can be determined by solving the equations of inverse
kinematics and use the bisection method, if the equations are fourth or higher degree
polynomials. The effect of the passive joint limits, the size of the platform, the link
interactions and singularity are also determined. The trajectory planning inside the
workspace of parallel manipulators is very difficult because of limited workspace,
voids inside it and singularities. Dash [31] was presented a numerical technique to
present an algorithm that can be planning singularity-free path. Jing [32] presented
new algorithm to develop the limb lengths of a spatial parallel manipulator to obtain
a desired dexterous workspace rather than the whole reachable workspace. With the
analysis of mobility, choose the least number of variables to describe the kinematic
constraints of each leg. The optimum parameters can be calculated from the objective

functions with the given dexterous workspace.

The dynamic analysis is significant part in expectation the behavior of mechanism
and realization their best performance and there are three main approaches to solve
the dynamical equations: the principle of virtual work, Newton—Euler laws and the
Lagrangian multiplier. Tsai [3] mentions, the Newton—Euler method leads to a large
number of equations because of the motion equations of each body of a mechanism
should be written. The forces of the actuators and the reactions in the joints are
calculated simply. Several researchers applied this approach. Xi and Sinatra [33]
presented Newton-Euler formulations for calculation the inverse dynamics of
hexapods. The hexapod consists from platform connecting to the base by six legs
with (Prismatic-Universal-Spherical) for each leg. Also inverse kinematic is analyzed
including determination the Jacobian matrix by using loop-closure equations. The

principle of virtual work is the active approach for dynamic equations of parallel
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manipulators where, the constraint forces and moment at the joints are eliminated
from the motion equations. Alexei and Paul [34] use the approach of the principle of
virtual work to solve the dynamic analysis for a 3-DOF parallel manipulator and
obtain the motion equations with R—P—S joint structure. The inverse dynamics of
three rotational 3-DOF is investigated by use the principle of virtual work method
and studied the total actuating torque related to the acceleration, gravity , velocity
and external force [35]. Lagrangian multipliers are simple way because all forces,
reaction and moments are eliminated at the beginning. Guanglei [36] solved the
inverse dynamics and geometric synthesis of 3-DOF spherical parallel manipulator
by using method of Lagrange multipliers and motion equations which associated

with the expressions for the kinetic energy were derived

1.5. An Overconstrained Manipulator For Rehabilitation Purposes

A large clinical testing in several studies was developed by MIT-MANUS[8] for
study advantage of the therapy robotics for the patients. Investigations show that
patients who received arm movement by robot therapy make more improvement of
movement ability than who received arm movement by conventional therapy, in
additional the robotic therapy do without any adverse effects. Also, the robot group
patients received more therapy by a robotic device for an hour each day, five days
per week, after several weeks, the robot group have recovery of a brain and arm
movement ability. To improve the movement ability and movement practice
stimulating, the robotic make equivalent to computer mouse. Due to these features of
the robotic device, it becomes necessary. The aim of this thesis work, the focus is
placed on the study of robot therapy to improve physical or cognitive function for
persons who becomes unable to move our hands. However this device can provide
the hand by necessary movement.
In this study a manipulator for the rehabilitation for human arm is proposed as a 5-
DoF 3RRR-(RR) mechanism.
The selection of this structure has some advantages to the other similar parallel
manipulators such as;

e Its subspace includes both planar and spherical movements which are

needed for the rehabilitation of both hand and wrist.

e Parallel structure can carry more loads and don’t need to carry all motors.
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e 3 legs are optimum for this kind of subspace so it is simpler in structure
and less in potential interference than same 5-DOF PM with 5 or 4 active
legs.

e [ts workspace is larger than that of 5-DOF with 5 active legs PM.

Figure 15 5 DoF over —constrained parallel manipulator

In chapter 2 the kinematics of the Over-constrained parallel manipulators are
investigated, including the inverse kinematics analysis to obtain the values of the
actuated joints with respect to the end-effector pose. Where, inverse kinematics of
the manipulator is described by separating the system to its sub-subspaces and
relating with an intersecting joint.

In chapter 3 the workspace is analyzed and optimum values for the pre-described
position and orientation range of the arm are found. Discretization method is applied
for workspace synthesis along with and algorithm.

In chapter 4 dynamic Analysis of the overconstrained manipulator is analyzed by
using the principle of virtual work method. Jacobian matrices are derived from the

constraint equations of two subspaces and merged in to one.
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CHAPTER 2

KINEMATIC MODELING

The kinematic model of the manipulator is used to describe the motion of the end —
effector and perform a controlled task of corresponding to the base frame.
Kinematics is also used to intend to identify the real parameters which describe the
actual position and orientation of the end effector with respect to the base frame. The
kinematics model investigate the analytical relations between the values of the
actuated joints (input variables) and the location of the moving platform (output
variables). The inverse kinematics problem, deal with finding the set of joint
variables that correspond to the desired configuration of the moving platform. This
chapter deals with finding the inverse kinematics of an overconstrained manipulator

for rehabilitation purposes.

2.1 Geometry of the Manipulator

The selected parallel manipulator is shown in Figure(16). This manipulator is
composed of a moving platform attached to the base by three kinematic independent
chains. The point O represented the center of the reference coordinate system O
_XyZ.

Each limb contains five joints where first three from the ground have parallel axes
and later two joints axes are intersecting in a point P. The mechanism needs five
actuators thus one motor is attached to the base revolute joint of the first leg (¢1) and
two motors are attached to first two revolute joints from the ground on the second leg
(02, ©3). For the third leg same procedure is carried with two motors (¢4, @5).
Manipulator is designed symmetrical. To supply symmetry the distances between
base joints are selected equal and also angle between platforms joints are selected

equal. All three legs have identical architectures, first two link lengths are defined as

a; and b; where i is the index for the limb. Connection between 3™ and 4™ joint is

19



described by distance AP as r; and angle between the axis of the 4 joint and AP is
a;i. Angle between 4™ and 5™ joint is described as ay;. orientation of the platform

joint is described by 8.

(61,82, 83)
M c3

C1

Figure 16 The Geometry of the Manipulator

2.2 Methodology (Inverse kinematics)

The kinematics model investigate the analytical relations between the values of the
actuated joints (input variables) and the location of the moving platform (output
variables). This section dealt with finding the inverse kinematics to solve the values
of the actuated joints with respect to the end-effector pose.

The inverse kinematics model consists in finding the value of the joints
displacements with respect to configuration of the platform. The inverse kinematics
is essential for control of location of the platform of parallel robots and an urge for

the analysis or synthesis of the workspace of the manipulator.
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For designed manipulator 5 degree of freedom with 3 legs the desired position and
orientation of the output link (x , y, 81, 82, 83) is given and the problem is finding
the required values of the input actuated joints (1, @2, @3, ¢4, @5).

To solve inverse kinematics, the manipulator will be divided in to two sub-
manipulators in subspace A=3 with the help of three imaginary joints placed at the
intersection of platform joints with a direction parallel to base joints as shown in
figure 3a. The upper part will be a 3 Dof -3(RRR) spherical manipulator where input
axes are coaxial as shown in figure 3b. The lower part wil be a redundant 5 Dof - 3

RRRR manipulator as shown in figure 3c.

Cs

Imaginary joints
>

Az

G

Bs

Imaginary joints
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Figure 17 (b) The upper spherical mechanism (c)The lower planar mechanism

The orientation of the platform is either given as a 3x3 matrix or calculated using

angles 0z, dy and dx as the rotations around z, y, x in Euler angles.

Figure 18 The vectors of spherical part

/Cos[81] ~—Sin[81] 0y /Cos[82] 0 sSin[82]y /1 0 0
a=(sm[51] Cos[51] O© }{ o 1 0 | (0 Cos[s3] —Sin[53] )
0 0 1/ \-Sin[82] 0 Cos[52]/ ‘0 Sin[83] Cos[53]/

As the orientation of the platform is known orientation of the axes of each joint on
the platform as shown in Fig. 18 which are defined by unit vectors wi ={wy;, Wy,
Wi} can be calculated by using Eq. (2. 1).
WX; Cos[;] —Sin[,] 0 0 /o
w; = (u':u,:) = [ sinl.] Cosl] } [ O Cos[8,] ~-Sin[a.] ](o} (2.1)
\wz;/ \ 0 \0 Sin[B;] Cos[B]/
Where f; is the orientation with respect to z axis for each joint around x axis and v; 1s
the orientation around z axis for each joint for i=1,2,3.
Now for each leg, orientation of each joint on the platform W, ={ Wxi , Wyi, Wzi }
with respect to ground can be calculated with respect to rotations (&1 ,&2, §3) as
shown in Eq. (2. 2) for i=1,2,3
W, =& -w, (2.2)
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Figure 19 The orientations of the platform and platform joints in space

According to the structure of mechanism in spherical part the orientation of joints
on platform W; is equal to the orientation of the coordinate system at point P to the
W, using joint angles 01,1 and 02,1 and link angles al,1 and a2,1.
W, =Ry ..*R, .*Rg 'R, ..[001]

(2.3)
That leads:

cos[a2]sin[allsin[81,] +

sin[a2](cos[al]ces[82 ]sin[B81,] + cos[81 ] sin[B82,]) = Wx!

(2.4)
—~cos[a2]cos[61,]
sin[al]sin[a2]({—cos[al]cos[B1, Jcos[82,] + sin[B1 Jsin[B2,]) = Wvi
(2.5)
cos[al]cas[a2] — cos[@2]sin[al]sin[a2] = Wzi (2.6)

Solving equations (2.4) and (2.5) for Cos[682;] and Sin[82,] yields
cos[82,] = csc[a]sec[al](WviCos[B1,] + WxiSin[81,]) — cot[a2]tan[al] (2.7)

sin[82,] = csc[a2](Wxi Cos[81,] + WviSin[81,]) (2.8)
we can eliminate §2_by substitute equations (2.7), (2.8) in equation (2.6) we obtain

cos[al]cos[a2] — sin[al]sin[a2](csc[a2]sec[al](—Wvi cos[B1,] +
Wxisin[81,]) — cot[a2]tan[xl]) = Wz

(2.9
substituting trigonometric identities:
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cos[61,] = 1:; , sin[B1,] = % where t =tan[81./2] in equation (2.9)
We obtain:
Seclatli+t2iCosla2] <[~ 2t Wal + Wyi-2 Wy DiSinlath )
[} JCosal]+( : 1 yiisin let] W (2.10)

We can solve equation (2.10) and obtain the value of t

«

in[etPWsT +Sin[at] Wyl —(Cos[a2]-2Cos[atJWz;

kL]

Sinfoi]Wx
t=— —

Coslo2]-Sin[al]Wy;-2Cos{at]Wz;
61, =2*Arctan [t]
We get two solution for 81, , for i=1,2,3
In the second step for the inverse kinematics of the planar manipulator the point
(P={X,Y}) which is the position of the end-effector is given and 61, which are
found in the previous part represent the orientation for r; around z axis. Thus the

position of A4, can be found.

Figure 20 The planar part

Where A, = {XA, , YA, }Jrepresent the position of third joint in each legs as show in

figure for i=1,2,3.

XA =r*Cos[61;]+ X (2.11)
YA=r*Sin[01.]+Y (2.12)
Where:

r;: represent the distance of link from point P to A,
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61;: represent the rotation angle for this link about z axis.
From equation (2.11) and (2.12), we obtain the position of (X4; YA, ) for each leg.

finding position (XA, YA, ) leads to find the input angles (¢1,92,03,04,05).

For the first leg as shown in Fig. 21.

A q
C

Figure 21 The first leg of manipulator

From the geometry of the leg we can write a vector- loop equation

0A, = 0D + DA, (2.13)
Expressing the vector loop equation in fixed coordinate frame gives

XA, = alcos[@l] + blcos[pl + Ww1] (2.14)
YA, = alsin[¢pl] + bisin[pl + Wi]

Since y is passive joint angle, It should be eliminated from the equation above by
summing the squares of two equation in( 2.2) yields

(X4 — alcos[e1])’ — (blcos[el + wiD)* + (Y4, — alsin[¢1])?
— (bisin[pl+ Y1) =0

By expanding and simplifying the equation yields

XA, 7+ YAS —2XA, s cos[@l] — 2YA, bysin[el] - a5 —b, =0 (2.15)
Equation (2.3) can be written as

elsin[¢l] +e2cos[pl] +e3=0 (2.16)
where:

el= —2%A al
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el = —2 XA al
e3 = NAT +vAl £ 31?2 —bi?

Substituting the trigonometric identities:

1-t* Zt

cos[pl] = = and sin[gpl] = = where t = tan[@1/2]

In equation (2.4), we obtain
e2 +e3+ 2elt+ (—e2+e3)t° =0 (2.17)
By solving equation (2.17)

—eltel%+e2%—p3t

=

ed—el

—elt,jel” +e2”—e3”
ed —el

pl = 2Arctan (2.18)

from the equation (2.18), there are two solution of@land there for two

configurations of leg 1.

[when equation (2.16)yields a double root ,the two links OB and BA are in a folded —
back or fully stretched out configuration called the singular configuration. when
equation (2.16) yields no real root , the specified location of moving platform in not

reachable].

For the leg 2 which is shown in Fig. 22. The location of point A, is calculated from
the second step and the problem is to find the joint angles (¢2,93).

Az(’)

©3
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Figure 22 The second leg of manipulator

From the geometry of Figure (22) we can write a vector- loop equation

OA,=OR+ RE +EA, (2.19)
OA, —-OR=RE +EA,

Expressing the vector loop equation in fixed coordinate frame gives

XA, —XR =a2= cos[p2] + b2 = cos[p2+ 3] (2.20)
YA, — YR = a2= sin[@2] + b2 * sin[¢p2 + ¢3] (2.21)
Since @3 is active joint angle and shouldn’t be eliminated.

From the figure22 we observe that the distance from point R to A, is independent of
@2, hence we can eliminate @2 by summing the squares of equations (2.20) and

(2.21) yields:

(XA, —XR)® + (YA, —YR) =a,% +b,” + 2a2b2Cos[p3] (2.22)
Solving equation(2.22), we obtain

@3 =Cos 'k (2.23)
where k = .:x.az-m;.h.:'fii ;:ijE—hzz—azz

[equation (2.23) yields (1) one double root if | k=1, (2) two real roots if |k|== 1 and (3)
no real roots if |k| = 1. In general , if |kj=<< 1 ,¢3 = @3 is a solution, ¢3 = —¢3 is
also solution where m = @3 = 0. We call @3 = ¢3 the eclbow-down solution
and @3 = —3 elbow-up solution. If |k=1, the arm is in a fully stretched or folded
configuration . If [k|= 1, the position is not reachable].

Corresponding to each ¢3 ,we can find ¢2 by expanding equations (2.20) and (2.21)

as follow:
XA, —~ XR = a2 +b2 cos[e3lcos[p2] — (b2 sin[¢3]) sin[¢2] (2.24)
YA, — YR = b2 sin[¢3] cos[e2] + (a2 + b2 cos[e3]) sin[e2] (2.25)

Solving equations (2.24) and (2.25) for Cos[¢2] and Sin[¢2], yields:
sin[@2] = (~(Xa2 ~ XR)b2 sin[@3] ~ (YA2 ~ YR) (a2 + b2 cos[e3]) )/ ¢

cos[@2] = ( (XA2 —XR) (a2 + b2 cos[p3]) + ( YAZ — YR) b2 sin[¢3])/ »

Where p =b2® +a2’ + 2b 2a2 cos[p3]

Hence, corresponding to each @3, we obtain a unique solution for ¢2:
@2 = Atan2(Sin[2],Cos[¢2]) (2.26)
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From equation (2.26)we can obtain unique solution for @2 by using the function
Atan2(x,y) In a computer program. However, these equation yields real or complex

solution. A complex solution mean the end _effector position that is not reachable.

The third leg has same form with the second leg and same procedure can be applied

to find ¢4 and @5 for known A5 position and lengths a3,b3,r3.
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CHAPTER 3

WORKSPACE ANALYSIS

Determining the workspace of a general manipulator has received considerable
attention and studied by many researchers in recent years, because of its significance
in determining functionality and performance of the manipulators and obtaining the
optimal design.

The parallel manipulators have some advantages, such as high load-carrying
capacities, high accuracy, high stiffness and low inertia .However, there also have
some disadvantages associated with parallel manipulators. One of the main
drawbacks of parallel manipulator is a limited workspace and poor dexterity because
of the additional constraints imposed by the closed kinematic chains of the parallel
manipulator. Additionally, the performance of parallel manipulators depends on the
design parameters and configuration of the end-effector that leads to difficult design
of the manipulator. Solving these problems of parallel manipulators in the design
process gives good results for manipulation of objects.

The workspace of parallel manipulator is limited by three different factors such as
links interference, mechanical limited on the passive joints and limitation of
actuators. The range of the link length and the effect of these constraints limiting on
the workspace was studied by Merlet [37] and an algorithm enabling to determine the
boundary of the end effector which its rotation around a fixed point for 6 DoF
parallel manipulator is presented and found that the workspace of the Parallel
manipulator can be defined as the set of configurations of the end-effector which can
be reached by some choice architectural parameter values.

The researchers working on the parallel manipulators always wish to design them
with the maximal workspace that can be used. Thus, the determination boundary of
the reachable and dexterity workspaces are very important in the selection of the
appropriate mechanism and calculate optimal design of the manipulators correspond

to the sizes and shapes of reachable workspaces and prescribed the dexterity.
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As reported in Merlet [1], there are three classes for determining the boundary
workspace of parallel manipulators such as geometrical methods, discretization

methods, and numerical methods.

A geometrical method was proposed by weng [38], where the boundary of the
workspace is defined by a singularity zone and depend on structural limited of the
architecture . Gosselin [39 ] suppose a method represented for finding the boundaries
of the workspace of each kinematic chain and finding the intersection between the
boundaries and employing this technique for determining the reachable workspace
of a 6-DoF parallel manipulator. Another geometrical method by Gallant [26 ] was
proposed to determine the geometry of the dexterous workspace of two
architectures n-RRRR and n-RRPR. Also geometrical approach is applied by Merlet
[40], Liu [41], and Zhang [42], etc. The disadvantage of this method is an ignoring

the mechanical interference by links and other physical constraints.

In the discretization method approach, the workspace described with a regular grid of
nodes. Each node tested to see for the effects on the workspace. The boundary of the
workspace represented by the discretization of the pose parameters and the precision
of the boundary depends on the sampling steps. This method also has some
disadvantage such as limit on the accuracy due to the workspace possesses voids and
time consuming. This approach was used by Stamper [43] and Arai [44] in
determining the workspace boundary of the 3-DoF and 6-DoF parallel manipulators

respectively.

The numerical methods approach was suggested by Jo [45] where this method
transforms the inequalities that are imposed by the constraints on the articular
coordinates into equalities by introducing extra variables by derived of Jacobian
matrix. The generalized coordinates are considered by a vector X, articular
coordinates by a vector & and the variables considered by a vector W and all of these
vectors are represented by a vector q. The workspace boundary is obtained as a set

of vector q.
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This method was improved by Shaoping [29] to prescribe the workspace and obtain
optimal design of spherical parallel manipulators (SPM) which including architecture
of parameters and link dimensions.

Even if the numerical methods were proposed by many researchers, this method has
some drawbacks such us, control of other constraints that lead to a Jacobian become
a large and quite difficult to solve and efficient boundary search technique. Where,
the boundary search technique plays main role in this method. Novel idea was
presented by Z. Wang and Shiming Ji [28] for determining the dexterous and
reachable workspace of a general parallel manipulators and calculating their
boundary by using a new numerical method, called ‘‘stratified boundary search

technique’’.

There are different types of workspaces. Constant orientation workspace or
translation workspace is a set of locations of the end effector can be reached with the
constant orientation. Orientation workspace is a set of location of the end effector by
rotations around a fixed point. Reachable workspace or maximal workspace is a set
of locations of the end effector that can be reached with at least one orientation.
Inclusive orientation workspace is a set of locations of the end effector that can be
reached with at least one orientation among ranges of orientation parameters.
Dexterous workspace is a set of location of the end effector which all orientations are
possible. Total orientation workspace is a set of locations of the end effector that can
be reached with all orientations among ranges of orientation parameters. In this study
reachable workspace of the SRRR-RR manipulator is examined. Because of we need

maximum workspace with all orientations are possible for optimal design.

3.1. Method for Describing Reachable Workspace

In order to evaluate the reachable workspace of the mechanism, we apply the
discretization procedure implemented in a program. In this approach, the workspace
of the mechanism is generated by sampling joint angles with the length links and the
boundary is evaluated by the resulting set of the end effector motions. To study the
changes of the workspace with changes of the architectural parameters, several plots

of the workspace volume are presented. The shape and the size of the workspace is
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dependent on the particular set of architectural parameters of the mechanism which
are chosen.

In the present work the effect of the architectural parameters on the workspace of
variations is studied. In this work the mechanism analyzed is a 5-DOF mechanism,
the workspace is defined with three rotations 81, 82, 63 and two translation with x, y.

The procedure starts with selected the desired orientation (51, 62, 83) and translation

(x,y)

Extension

l“. p '
')O’)O

Radial Deviation Ulnar Deviation Pronation Supination

#

Figure 23 Wrist movement at the joint is called extension or flexion

As mentioned in chapter 1 the mechanism is proposed as a rehabilitation
manipulator. This manipulator will assist persons who have a disability to move
their hands. To improve physical or cognitive function the patient sits across from
the device, with the weaker hand attached to the end-effecter as show in Fig. 24 and

repeat the motions multiple times by the help of the manipulator.
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Figure 24 The human hand with mechanism

We can select the optimal values of orientations of end effector (61, 62, 63) for Wrist
motion

d1= from -30 Degree to 20 Degree

02= from -90 Degree to 60 Degree

03= from -60 Degree to 60 Degree

and the dimensions of (x ,y) should be described by at least 35 cm. Also to analyze
the boundary of workspace, we should separate the mechanism in two parts:

The upper part as spherical parallel manipulator with three legs which ith leg
consists of two curved links (al,02) connected by three revolute joints which
extension of joints are intersected in point (p) and equilateral triangles of moving
platform. The orientation of the platform is described by using angles (31, 82, 83).
Inverse kinematics analysis in previous section and the equations are used for the
calculation of the workspace . If the solutions of inverse kinematics are imaginary,
the workspace cannot be reachable.

By solving this equations as mentioned in Chapter 2 we get two solution of(&1,) for

each legs , where i=1,2,3

sin[al]Wx +./sin[al] Wx + rm[c.l] cos[a2] - 2cos[at]wz )"

-
81, = 2Arctan | —
) ' cos[a2] - sin[al]Wws ¥, — c:xt[c;l]fw

And one solution of (82,

8y — —Wz;+cos[al]cos[a2]
T sin [al]sin[«2]
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To get real solution of(E1,,82,) that achieving real workspace ,we should achieve
these conditions
sin[al]*Wx? + sin[al]*Wy? — (cos[a?] — 2cos[al]Wz)® = 0O 3.1

—Wz;4+cos[al]cos[a2]

—l= sin[ol]sin[a2)

=1 (3.2)

(61,) and (62,) are depended on the unit vectors of joints with orientation(51, 32,
03) and values of the curved links (al,02) as in equations in chapter

Therefore, the parameter can be changed to achieve the above conditions and the
desired orientation of the end effector (o1, 82, 83). We apply The discretization
procedure implemented in a program to show the effect of changes of the
architectural on the boundary of workspace for each smaller part of orientation(61,
02, 03) by use repetition factor (J),where we should select a large number of
repetition to avoid a void .

After that values for (al,02) are selected that will give real solutions for the selected
range of orientations 1, 82, 83 and a useful range (61,) is obtained that w 52
used in the planar part of the mechanisms. The workspace is obtained as show 1u 11g.
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Figure 25 The boundary workspace of orientation (91, 62, 33)

After solving the spherical part of the manipulator the range of 81, is used as the

orientation workspace of the planar part and described together with work space of x
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and y. Thus the optimal workspace of the planar part will be in the range of(x,y, 81,).
As mentioned earlier the needed range of x,y is 35 cm in each direction to achieve
rehabilitation for the arm.

Solve inverse kinematics which are described in chapter 2 for the legs we get

actuator angles as;

2YA, Al £/ 4RTEA T+ 4217 T4 — (517 = B1T #NACT + TAC)T
@l = ZArctan - - - - -

-

a7 —bl® + EAC VA + 2XA, al

@2 = Atan2(Sin[«2],Cos[¢2])

Where:

sin[@2] = (—(X42 —~ XR)b2 Sin[@3] + (YA2 —YR) (a2 + b2 Cos[e3]) )/ ¢
cos[@2] = ( (XA2 - XR) (a2 +b2 Cos[e3]) + ( YA2 —YR) b2 Sin[¢3])/ p
Where p =b2? +a2” +2b2 a2 Cos[¢3]

e N T 2
(XA —XR)"+{45—YR}"—b2" —a2
2b2 a2 ]

@3 = Cos™*[

4 = Atan2(Sin[«5],Cos[p5])

sin[@4] = (—(Xa3 — XQ)b3 sin[@5]) + (YA3 —YQ) (a3 + b3 cos[@5]) )/ ¢
cos[p2] = (XA3 —XQ) (a3 +b3 cos[®5]) + ( YA3 —~YQ) b3 sin[xp5])/ p
Where p =b3? +a3% +2b3 a3 cos[¢5]

. '_~") . ”*"‘l .7"? -
(XA—XQ) +(YA;—VQ) " —h3"— .a.s—]
2b3 a3 :

@5 = Cos™ [

To get real solution of (1,2, ¢3, ¢4, ¢5) must be get to achieve the workspace
thus conditions will be:
d4al’xa’ L 4at’ya’ — (a1’ — b1’ L xa’ Lvya’)? =0

(XA, —XR)? + (YA, —YR)® —b2* — a2’

1= =—1
= 2b2a2
XA, —XOQ)? + (YA, — ¥Q)? —b3? —a3?
lE( 3 Q) (YA Q) 2 =1
2b3a3

—a2 (YA, —YR)*(a2* + (—b27 + (Xa, —XR)" + (YA, —YR)?)®
~2a2%(b2% + (XA, ~XR)® + (YA, ~YR))} = 0

—a3°(Ya; —YQ) (a3* + (-b3% + (Xa; — XQ)* + (Y4, —YQ)*)*
— 2237 (b3 + (X4; —XQ)7 + (Va; — YOI} = 0
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The translations ( x , y ) depended on the position of 4; , the length r; and the angels
value 61,

For each leg

XA =r,* cos[61,]+ X

YA =r *sin[61,]+Y

The ranges of ©1; is presented in spherical part and the position of A; depended on
the set of architectural for each legs.

Where:

A, depend on length links (al , bl , ry) and input angle (x1)

A. depend on length links ( a2, b2, r,) and input angles (g2, @3]

A, depend on length links (a3 , b3, r5) and input angles (¢4, ©5)

Therefore, the boundary of workspace of each leg is dependent on the changes of its
parameters and achieving above constraint equations.

The intersection of these boundaries represent the actual workspace coupled with
translation(x , y) and orientation (61, 82, 83).

Changing the link dimensions or the joint limitations has effect on the boundary
workspace. With several trials of these values finally one solution is found for

achieving the described workspace.

Figure 26 The translation of platform with orientation 01
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As a result, we can select optimal values for parameters coupled with the desired
workspace with taking into consideration the shape and the size of the mechanism

which is stable and appropriate with dynamics.
3.2. Implemented Algorithm

In this thesis, we are interested the changed of the workspace with the different
design parameters. This interest need to represent an algorithm that can obtain the
boundary workspace for a given set of architectural. The procedure start by the
desired orientation (61, 62, 63) and describing the procedure to find orientation of
imaginary links Fig.27 then in the second part using these found values and given x,

y movements all actuator rotations are found Fig.28.

61 = —30to 20 52 = —90 to 60
63 = —60 to 60 =40

v

|
>y
§3 =—60+ k= 120/]

%
§1 =—30+1i+* 50/]
v
(Wx by, wz),, 5 = (61,82 .83)
v
123 = fWx by, Wz)
v

No

E'l.:.a = condition (’recﬂ)

iyes
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Figure 27 The algorithm of spherical part
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v
i‘
x=-5+j=35/]
v
g
v=-5+k=35/)
v
v )
8l =—65 +i=95 82 =—-65 +i=95 83 =—65 +i=95

v

el =
condition (real’)

(92,93) =

condition (rewl)

(¢4, 5) =

cond ition (real)

x,y,01}

x,y,83)

yes

No
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Figure 28 The algorithm of planar part

The results are shown in table 1 and table 2.

Table 1. The design variables of spherical part

al(deg) | a2(deg) | Pi(deg) | [li(deg) 01(deg) 0 2 (deg) 0 3(deg)
91 91 5 120 -150to150 -180to 0 -60 to 60
Table 2. The design variables of planar part
ai bi ri xb yb XC yC
22 22 5 20 0 10 20
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CHAPTER 4

DYNAMICS MODELING

The dynamics of robot deal with loads, masses, acceleration and inertia. It is an
essential part in expectation of the behavior of mechanical systems and realization
their best performance.

In the dynamics to accelerate the mass we need to spend a force on it.

F=m.a (4.1)
Where F is applied force an a is acceleration of the mass.

Similarly in a rotating body we need to exert a torque to cause an angular
acceleration.

T=L.a 4.2)
To move and accelerate a robot’s links to desired velocity and acceleration, it is
necessary to have actuators enough force and torques. The links must be moved with
respect to desired positional accuracy. Therefore, it is necessary to calculate how
strong each actuator must be. According to Equations (4.1) and (4.2), we can
calculate the required torque of actuators corresponding to the external loads.
However, the dynamical analysis of parallel manipulator is quite complicated due to

the presence of multiple closed-loop chains and kinematic constraints. There are two
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types of dynamical problems. First, the forward dynamics problem, the applied
actuator forces and/or moments of a robot are given and the aim to find the response
arm. Second, the inverse dynamics problem, the desired generate a trajectory of the
manipulator is given and the aims to find the required actuator forces and/or
moments.

To solve the dynamic equations, there are three main approaches of the dynamical
equations have been proposed: Newton—Euler formalism, the principle of virtual
work and Lagrangian multiplier method. All of these three methods have advantages
and disadvantages.

Newton—Euler formalism is applied by several researchers [46-48] where the
disadvantage is that body of a mechanism should be written which gives large
number of equations. Therefore, this approach has poor computational efficiency.
The advantage this approach, the forces of the actuators and the reactions in the
joints are calculated from simple equilibrium equations of the platform and the limbs.
Several researchers applied this method [46-48].

The benefits of the Lagrangian multipliers method is that all forces, reaction and
moments are not included in the equations. Nevertheless because of the numerous
constraints imposed by the closed loops deriving the equations of motion in terms of
a set of independent generalized coordinates is a difficult task. To simplify the task
coordinates including input and output variables with a set of Lagrangian multipliers
must be described. This approach was considered by different researchers [49-50]
The principle of virtual work is the active approach for dynamic equations of
parallel manipulators where, the constraint forces and moment at the joints are
eliminated from the motion equations. The coordinates of the end-effector could be
chosen as the generalized ones. Several researchers present this approach [ 51-53].

In this chapter we investigate the dynamics of the 3(RR)RRR parallel manipulator

using the principle of virtual work.
4.1 Principle of Virtual Work
Let F, denote the sum of all applied and inertia forces about the center mass of links

F, = [Ifi) (4.3)
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f. =resulting force (excluding the actuator force ) exerted at the center of mass of
link i+ inertia force exerted at the center of mass of link i (—m,v;).
M, =resulting moment (excluding the actuator force ) exerted at the center of mass of

link 1 + inertia moment exerted at the center of mass of link 1.

Let F, denote sum of all applied and inertia forces about the center of mass of the

moving platform.

Fo = (Ifpr (4.4)

f, =Resulting force (excluding the actuator force) exerted at the center of mass of
platform + inertia force exerted at the center of mass of platform (—mg v, ]

M,, =resulting moment (excluding the actuator force) exerted at the center of mass of
platform + inertia moment exerted at the center of mass of platform m,.
The virtual work done by the manipulator should be equal to zero( du = 0).

Thus virtual work of actuators forces on the platform and forces in the links can be

written as:

8qTt+ 8X; Fp+ X 8XTF, =0 (4.5)
Where the summation denote all links of legs. The Eq.(4.5) is isolated the actuator
torque from other applied forces for convenience of deivation.

The virtual displacement of actuated joints &q is related to virtual displacement of
moving platform &X, by Jacobian matrix (J,).

8q =], 86X, (4.6)
Also, the virtual displacement of actuated joints &X; is related to virtual displacement

of moving platform X, by Jacobian matrix (J;).

OX; =J; 6%, (4.7)
Substituting equations (4.6) and (4.7) in Eq. (4.5),we obtain:

8X; (J; T+Fp+ 2 iTF)=0 (4.8)
For any virtual displacement of the platform &X,

Ja T+ Fp+ 2 iTF, =0 (4.9)
Thus:
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t=—];T(F,+ 2T E) (4.10)

Eq (4.10) described the general form to find the actuated torque of parallel

manipulator.
£ Ly @ et W
e oy _ | for ¥ M5 — MV,
;:.z 3 'l‘.I \i I .. # "t . \‘l
e \Mex T lp®p — @y X [ pp i/

Where f,, denote the external force, M., external moment, m,mass of platform
I, moment of inertia of platform w,the angular velocity of platform.
/ Y f mg-—mv

F=l,! |= R

‘ [ M,/ {‘-._Iiu,_ — w; X (Lw)/
Where f.. denote the external force m.mass of platform I, moment of inertia of
platform ws;the angular velocity of platform.
In the name of simplicity and by looking the selected sizes of the manipulator and

effecting forces in the rehabilitation , the masses of the platform and links are

neglected. That leads:

" =(oi2)

F.= 0

Therefore, the equation of actuator torque in Eq.(4.10) can be written as

t=-].'F, (4.11)
To find Jacobian matrix of the mechanism, again the mechanism is separated as a

spherical manipulator and a redundant planar manipulator part.
4.2 Jacobian (Velocity) Analysis of the Manipulator
The spherical part of this manipulator consist three identical legs ,which each leg

consist of two curve links (al ,a2) and 3 (RRR), whose axes are coaxial to the unit

vectors ui ,vi and wi. The orientation of the platform manipulator is described by

(01, 62, 63) as show in fig. 29.
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(81, 52, 53)

Figure 29 The vectors of spherical part

The unit vector Ui of revolute joint A in the ith leg can be expressed as:
U=[0o01]*

Unit vector vi of revolute joint B in the ith leg can be expressed as:

V, =R,(8).R, ().,

V, = {Sin[«1]Sin[8,] , —Cos[8,]Sin[a1], Cos[al]}

Unit vector Wi of the top revolute joint C in the ith leg ,which are connected with
platform can be expressed as:

W, =W".8

Where:

W;" = R,(v;))-R.(B).[0 0 1]

W' = {Sin[B,]Sin[y,], —Cos[y,]Sin[B,], Cos[B,])

W, the axes of each joint on the platform with respect z axes

0 : The orientation of the platform in reference frame by (01, 62, 63)
6= Rx[ai)-R;.-(a‘:)- R, (5;)
In Jacobian of the spherical manipulator , we should find the relationship between

the angular velocity of the end-effector w = [wx wy wz] and the angular velocity of

imaginary joints as an input velocity 8 = [8,,6,, 8]
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The angular velocity of platform w can be described with respect to rates of

described Euler angles (&,, &, ;) where

48 gr 48 g, 48 o7

TR a2 Tass® 4.12)

That leads to:

wx = 83 Cos[81]Cos[82] — 82 Sin[51]
wy = &2 Cos[81] + 53 Cos[52] Sin[61]
wz =81 — 83 Sin[52]

writing in the matrix vector form will give us

o,y [0 Sin[81] Cos[81]Ces[82]} / 84
= (-:..J:_,) e ( 0 Cos[81] Cos[d2]Sin[81] ]( 8. ) (4.13)
L0 } 1 0 Sin [53“ 4 8

For the closed chain of the spherical parallel manipulator, the following equation
holds: for each leg

V..W, = Cos[ua,] for i=1,2,3 (4.14)
The Jacobian matrix of SPMs can be obtained through differentiating Eq. (4.14),
which gives

VW +V.. W, =0 (4.15)
Note that

V,=8,U XV,

W, =wXW,

Where w is the angular velocity of the platform.

Substituting w in equation  (4.15) results in

B.(U %V W, +w(W xV)=0fori=1,23 (4.16)
From three equations of (4.16) we can write in the form of variable jacobian and
input jacobian

Joxtd = .8, (4.17)
Multipliying both sides with the inverse of Jsx we get

J..oe0 =8, (4.18)
Where ], =], ]~ '= %

From equation (4.18), where « is -calculated, we can find 8, where,

6, =[6;,6,,8;1"

=
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The planar part is a 4 RRRR. For this manipulator the input vector is g= [@1, 2, @3,
¢4, ¢5] and the output vector is x=[Px, Py, 61,62, 63]

The loop —closure equation for leg 1

OP + PA; = 0D + DA, (4.19)
Due to planar manipulator properties the angular velocity vectors of all links are
parallel to Z-direction. By taking the derivative of equation (4.1) with respect to
time, we have obtained the velocity vector- loop equation as

Vo +8,(Uxr) =d¢,(Uxay) + (@ + *Ui (UXby) (4.20)
Where V; is the velocity of point P and U is a unit vector with respect to Z-
direction.The passive variable (14) should be eliminated from equation (4.20). Both

sides of equation (4.20) is dot- multiplied by by which leads to:

by Vo +6,U.(r, %by) =¢,U.(a, Xby) (4.21)
by Vor Tby Vo, + ( Ty = "1;-!’5’1:;,\:"31 - |:i*51.«;b:z:‘.~ — ay, by, ‘*P, (4.22)
Which is the equation of motion for the first leg.

The loop —closure equation for leg 2 is

PQ +PA,=QE + EA; (4.23)
The velocity vector- loop equation will be

Vo +8,(Uxr) =@, (Uxa,) + (b, +d; }(Uxby) (4.24)
Separating vector parts of the equation leads to equation of motion for leg 2

Vpx T 13, 8, = a3, @3 +byy (0 + @3) (4.25)
Vo, + 15,8, =25, @z +hy, (0, + @5) (4.26)
The loop —closure equation for leg 3 is

PR + PA3 = RF +FA3 (4.27)
The velocity vector- loop equation will be

Ve +8:5(U X13) = @, (Uxaz) + (¢, + 9 )(Uxby) (4.28)
That leads to the equation of motion for the third leg

Vo + sy 83 =235, @5 +bs, (0, +¢2) (4.29)
Vpy + T3, 83 = 33, @y +bg, (@ + @5) (4.30)
We can be writing equations (4.22), (4.25), (4.26), (4.29), (4.30) to find equation of
motion for the planar manipulator

JoxXp = Jq 9

Where:
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by, by, Ty by, —Tryby, 0
1 o 0 1y
Jox =1 0 1 0 Tay
1 0 0 0
Y01 0 0
34,0y — 84,0y 0 0
0 2, +b., ba
Jo = o a,_t.l b, b
0 0 0
0 0 0
:':F‘ = ]F‘ qF‘

Where J, = ..~

' IPCJ
T
xp = |:1i"'r]:'.'{i1i"'r]:",:,-'J E'.]_,E':_. 63]

qp = [@1 @2 @3 0o @5]7

V.. Vo 18 given and 6, 6,8, is calculated from the spherical part.

[ TR v R v}

(4.31)

From equation (4.31), we can find the angular velocity of actuated joint

(@1, @2 @3 @ap]”

4.3 Acceleration Analysis Using Jacobian

After finding the Jacobian for the manipulator acceleration for the inverse kinematics

can be easily found by derivation of velocity equations by time.

Derivation of the spherical part

B, = .o+ .
Derivation of the planar part

d .
a[.]pxp = qp::'

Ap = Jp¥p Tlp%p

Results with the formulation of accelerations of motors with respect to a given

output.
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4.4 Force Analysis Using Jacobian

By using the Jacobian matrix, we can be write the relation between external moments
on platform and torque on point (P) which the center of intersection of spherical
joint:
Joo M = 1, (4.32)
Where M = [Mzx,My, Mz]T is given external moment effecting on platform.
From equation (4.32), the torque of imaginary joints can be found

Tg, = [Ta, Ta, Te.]" (4.33)
Also by using the Jacobian matrix of planar part, we can write the relation between
external forces on point (O) which the center of intersection of spherical joint and
the input torque by actuated joints T,

. F=T (4.34)

P
Where F = [f,., f,., Tg, Ta. Ta, ]T external force for the planar part

Where f

o Ipy 1S given external forces effecting on the platform and Tg,, To_ . Ta,
are calculated moments in the spherical part.
From equation (4.34) ,we can find the required input torque of actuated joints for
external forces and moments.

—_ T
T — [Tq:u’ To T Ty, 1'—q:-:]
Now we will describe the position and orientation of platform and Simulation

results of position, velocity and torque of input actuators with figures
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Figure 30 The orientation of platform with respect to time
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Figure 31The translation of platform with respect to time
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Figure 32 The position of motors orientation with respect to time
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Figure 33 The velocity of motors with respect to time
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Figure 34 The torque of motors with respect to time
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CHAPTER 5

CONCLUSION

This thesis deals with one of the applications of parallel manipulator in rehabilitation
robotics . Where, the aim of this thesis work, the focus is placed on the study of robot
therapy to improve physical or cognitive function for persons who becomes unable to
move their hands. However, this device can provide the hand by necessary
movement. It is seen that selected manipulator is able to do necessary movement for
the rehabilitation of the human arm.

The selection of this structure leads to advantages to the other similar parallel
manipulators such as; the subspace including both planar and spherical movements
which are needed for the rehabilitation of both hand and wrist, by using parallel
structure to carry more load and don’t need to carry all motors.3 legs are found to be
optimum for this kind of subspace so it is simpler in structure and less in potential
interference than same 5-DOF PM with 5 or 4 active legs.

For solving the inverse kinematics and dynamics and reduce complexity of the
manipulator, it was divided in to two sub-manipulators in subspace A=3 with the help
of three imaginary joints placed at the intersection of platform joints with a direction
parallel to base joints. The upper part being a 3 Dof -3(RRR) spherical manipulator
where input axes are coaxial and the lower part being a redundant 5 Dof - 3 RRRR
manipulator. This division is resulted in the easiness of calculations and then the
inverse kinematic analysis is made for the manipulator.

The workspace is analyzed by using the discretization method approach the
workspace described with a regular grid of nodes. Each node tested to see for the
effects on the workspace. The boundary of the workspace represented by the
discretization of the pose parameters and chooses the optimal design for the pre-
described position and orientation range of the end-effector. Optimum parameters of

the manipulator are found by using two algorithms.
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The inverse dynamic analysis of the over-constrained Manipulator is analyzed by
using the principle of virtual work method. Inverse Jacobian matrices is derived to
get the relation between input torque by actuated joints and output forces on
platform. For spherical and planar parts two Jacobian matrices are derived to find the
relation of the external force with the input torques of the actuators.

During this study the selected manipulator is investigated both in kinematics and
dynamics along with the workspace analysis. The results are a manipulator which
can be controlled using these calculations and achieve the necessary motion for the

rehabilitation of the human arm.
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APPENDICES A
Mathematica code for workspace analysis:

Clear ["Global *"]

Remove ["Global *"]

kki = {5Degree, SDegree, 5Degree};

klk2 = {0Degree, 120Degree, 240Degree);
Do[k1, = kk1 [[il]:k2, = kk2[[il] (i 1.3]]

/Ux,
Do jw; = (H‘ﬁ)
Uz,

Cos[k2,] =-Sin[k2,] 0y /1 0 0 0
= |Sin[k2,] Cos[k2,] © [(G Cos[kl,] m‘Sin[ki‘t]j,(g),{i, 1,3} //N;
0 0 1/ %0 Sin[k1] Cos[k1]/ ‘1

For[kk = 0:Results = {1:81 = 0: 82 = 0: 83 = 0 kk . [ kk+ + ] == 20
FDI‘[jj = Gljj = L _].] T T
For[ii=0,ii £ i + +, 81 = —30Degree + il * 50 Degree/]:

&2 = —90Degree + jj * 140 Degree/[; 53 = —60Degree + klt = 120 Degree/[;

g
Wz ,
/Cog{81] —-3Sin[81] Oy / Cos[852] 0 sin[82]y /1 0 0 FURD
= ( Sin[81]  Cos[81] o)( 0 10 ).(0 Cos[53] —Sin[33] Huy.:;
L0 ) 1/ \—8in[82] 0 Ceos{82]/ 0 Sin[83] Cos[83]/ ‘Uz,
Do 61,
- Sin[al]ux, ~ y Sin[el]*Wx + Sin[al]* Yy — (Cos[a2] — 2Cos[al]z, )
= LArCiaEn ;
rersnt Cos[a2] — Sin[al]yy, — 2Cos{al]yz, J
82,
T Sin[al]yx, ++/ Sin[a1]* gk’ + Sin[al] Yy - (Cos[a2] ~ 2Cos[al]vz)?)
T ooneEn Cos[a2] = Sin[al ]y, — 2Cos[al]wz, '
{1, 13)]

If[150Degree = 11, = —150Degree||150Degree = 12, = —150Degrea& &
ODegree *» tl. > —130Degree||0Degree = 12. > —180Degree&&

Al



225Degree > 11, = 135Degree||225Degree > 12, > 135Degree&&

Sin[at]*Wwxi + Sin[al]*wyi — 1. (Cos[a2] — 2. Cos[al]ymz,)® = 0&&

|
Sin[al] wx: + Sin[al]*wy: — L (Cos[a2] — 2. Cos[al]yz.)” = 0&&
Sin[a1]*Wx: + Sin[al]*Wyi — 1. (Cos[a2] — 2. Cos[al]uz,)® = 0&&
—~rz, + Cos|al|Cos|aZ
|, T¥a - CoslmlCoslad] | o
Sin[m1]Sin{a2]
—wrz, ~ Cos(xl]C
i slaalcoslsa] |
Sin[a1]8in[a2]
—Wrz; + Cos[al]Cos[a2] .
1= = —1, Results = Append[Results, {31, 82, 83}]11:11:

Sin[a1]Sin[a2]
ListPointPlot3D[Results]
(*For planar part*)

(*the optimization value *)
J:=20 al:=22  bl:=22 a2:=22  b2:=22 a3:=22 b3:=22
rl:=5 r2:=5 r3:=5 xb0:=20  yb0:=0 xc0:=10 yc0:=20
(*loop*)

For[kk = 0; Results01 = {}; Results02 = {}; Results03 = {} kk = | kk + +, For[jj
=0.5i = }11——?01[11««011»«} R

81 = —150Degree + ii * 300 Degree/|; 62 = 0Degree + ii * —180 Degree/]; 63
= 135Degree « i = 90 Degree/J:

x=-10+jj*35/J; y=-10+kk*35/J; xa=r1 Cos[01]+x;
ya=rl Sin[01]+y; xb=r2 Cos[0 2]+x; yb=r2 Sin[0 2]+y;
xc=r3 Cos[0 3]+x; yc=r3 Sin[0 3]+y;

(*conditions*)

If{4a1xa® + 4al’va® — (a1l —b1? +xa’ + ya®)® = 0, Results01
= Append[Results01, {x, v, 81 + :lSDDegree}]];
(xb — xb0)* + (vb — yb0)* —b2° —a2*
2b2a2
—a2%(yb —yb0)*(a2* + (—b2% + (xb —xb0)* + (yb — yb0)*)*
— 2a2%(b2% + (xb—xb0)* + (yb —vb0)¥) )} = 0,

Results02 = Append[Results02, {x, v, 82 + 180Degree}]];

11 = > —1&&

A2



(% = %c0)® = (ve —yed)® — b3- —33* .
If[1 = - —1&&
2b3a3

—a3%(ve —ve0)*(a3* + (=b3% + (xc = xc0)* + (yc —ve0)®)*

- 2237 (b3 + (xc~ xc0)” + (ye — ‘f.i‘{‘ﬂj:j) = 0,
Results03 = Append[Results03, {x v, 83 — 135Degree}]]];
ListPointPlot3D[Results01]

ListPointPlot3D[Results02]

ListPointPlot3D[Results03]
ListPointPlot3D[Intersection[Results01, Results02, Results03]]
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APPENDICES B

Mathematica code for workspace analysis:

Clear["Global *"]

Remove["Global *"]

STEPS=50

Do[&01; = 28in[[Degree]; 502; = 2Cos[JDegree]; 503,
= 28in[[Degree] * Cos[|Degree]

x0J=5+10Sin[J Degree];y0J=5+10Sin[J Degree]2;,{J,1,STEPS}]

5
Fs = (6) / [Flatten;

o
x0t=10; yOt=5; Fx0t=50; Fy0t=40; r1=5; al=22; bl=21.9;
a2=al; b2=bl; a3=al; b3=bl; al=91Degree;  a2=91Degree;
Bvector= {5Degree,5Degree,5Degree} ;

Uvector= {ODegree,120Degree,240Degree} ;
For[] = 20:realtorques = {};realvelocity = {}: velocity = {}; motors
= {}:torques = {};realmotors = {};, ] <. STEPS - 1./ + +,
51 /60 1;Degree’,
( 5‘3) = 50'.’:’<‘.Deg1‘e:e .
3 003, Degree /

{0 Sin[81] Cos[d1]Ces[82]% 7 1>
xst = ( 0 Cos[81] Sin[81]Ces[52] ( 2 ),—-”;.f'Flat'ten
1 0 sin[62]  / “0.5/
Do[B, = Bvector[[il]:v,

3
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("1-“":{.: k
Do @, — ("t‘\'}"t )
VW

/Cos[y,] —Sin[y,] 0y /1 0 0 o
2(Sin[*_f-.j Cos[y,] D)- 0 Cos[B] -Sin[B, 1)( ){113}}

0 0 1/ N0 Sin[B,] Cos[B]/ 1/
Wz,
Do |W, m(w}*i}
Wz,
Cos[81] -sSin[51] O Cos[82] 0 sin[82]y /1 0 0y Uk,
=(sm[31‘1 Cos[51] 0) 1 0 ).{0 Cos[53] ~—S@§n[33i),(t}y~:}
0 0 \-3in[52] 0 Cos[82]/ 0 Sin[831 Cos[33]1/ ‘Uz

Sim{omtilem =0~ 13 Simlet] Pyed +(Corletl+ Stalatlgm ) —Coslal] +Sinletivy + 20arlalldn

2ArcTan|

Coslell—Sinlatily; ~ 2Coslatingsz;
0210 13) De[8 =6, {113){0.22});

xa=r1 Cos[01]+x0J; ya=rl Sin[01]+y0J; xb=r1 Cos[02]+x0]J;
yb=r1 Sin[62]+y0J; xc=r1 Cos[03]+x01J; yc=rl Sin[03]+y0J;
el=-2yaal; e2=-2xaal; e3=xa2+ya2+al2-bl2;
kb=(xb2+yb2-b22-a22)/(2b2 a2);kc=(xc2+yc2-b32-a32)/(2b3 a3);

—el+~ (—1)vel® ~e2% ~e3°

1//N.G. 1,23

Do[wl,j = ArcTan[(xa— al Cos[¢,;]) /b1 (ya—al Sin[d,;])/bl]
— oy //NG L 2)

Do[¢,; = 2ArcTan| e

Do[¢.;
= ArcTan[| —xbb28in[d;,;] + yb(a2 + b2Cos[d;;]} ]/ (b2? + a2? + 2b2a2Cos[dy, ]}

xb(az + hZEeS[CPa,j]} + ybb2sin(¢,,]
b2% +g2% + zbzaZC@S['@sﬂ

Do[¢;; = (—1)'ArcCos[kb]//N,{j, 1, 2}];

xb(b2 +~ a2Cos[¢;, ]\‘ - ybaZ2Sin[¢; ]

b2” - a2’ - 2b2a2Cos]| sil

1.4, 1,2)1//N;

Do[¢,; = ArcTan|

(~xba2sin[¢s;] + yb(b2 + a2Cos[¢s,]))/ (b2* + a2 + 2b2a2Cos[ds;1)].{j, 1.2)]
[/N;

AS



Do[q:E_j = (—1)'ArcCos[kc]//N,{j. 1,2}]:
Do[¢i= i,j,{1,1,5},{j,2,2}];
Do[yi=yi,j,{1,1,1},{},2,2}];

Jxs =()Jas=()J=p =()Jap = ()
qt=Prepend|Prepend[gst,y0t],x0t];

realqt =-Inverse[Jqp].Jxp.qt;
torq=-Inverse[Jqgs].Jxs.Fs;
forceplanar=Prepend[Prepend|[torq,Fy0t],FxO0t];
realtorq=-Inverse[Jqp].Jxp.forceplanar;
motors=Append[motors,{ 01, 62, 63}];
realmotors=Append[realmotors,{ ¢1, $2, $3, d4, $5}];
velocity=Append[velocity,gst];
torques=Append[torques,torq];
realvelocity=Append[realvelocity,realqt];

realtorques=Append[realtorques,realtorq]
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