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ABSTRACT

With the development in technology, more and more automation systems and robotic
manipulators are used in place of the conventional machines. These systems and robots are
having complex shapes and structures. In the past many methods like D-H parameter method,
S-U notation method etc. have been used for the kinematic analysis of such robotic
manipulators. The scope of this thesis is limited to kinematic study and trajectory tracking of
the spatial manipulators. It has been found in the literature that the pioneer work done by
Denavit and Hartenberg to develop the kinematic model of a serial manipulator, has its own
limitations. A couple of ambiguities are reported by different researchers in the past. In this
thesis, an ambiguity of D-H parameter is observed. For complex and spatial structure,
conventional methods like D-H are not able to develop the kinematic models. A spatial robot
having five degree of freedom is discussed and ambiguities of D-H parameter method are
highlighted. Improvements have been made to the existing D-H method, by using concept of
Dummy Frames. These dummy frames remove the positional and orientational inconsistency
in the kinematic study of Spatial Manipulator. Trajectory tracking of the spatial robotic

manipulator is done using a software named SimWise 4D.
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Chapter 1

Introduction

1.1 Whatis a Robot?

Robot is a software controllable mechanical device, having multiple degrees of freedom and
can be used for performing special tasks. A robot can also be defined as a mechanical or virtual
artificial agent, usually an electro-mechanical machine that is guided by a computer program.
A robot is an automatically operated machine that replaces human effort, though it may not

resemble human beings in appearance or perform functions in a humanlike manner.

Robot can also be described as a "machine that looks like a human being and performs various
complex acts (as walking or talking) of a human being", or a "device that automatically

performs complicated often repetitive tasks", or a "mechanism guided by automatic controls".

So, overall it can be said that robots can perform a variety of tasks easily. They just need to be
programmed according to our need. So, robots can be a very good helping hand in our lives, if

used properly.

1.2  Applications of Robots

Earlier, there were times when the robots were not so advanced. In those days, robots were
limited to some specific tasks only. But now a day, with the advancement of technology, robots
have found their application in almost every field. Now days, robots are used in industry,

medical field, military services etc.
On application basis, robots can be classified in following categories.

1.2.1 Industrial Robots

Industrial robots are robots used in an industrial manufacturing environment. Usually these
are articulated arms specifically developed for such applications as welding, material handling,
painting and others. If judged purely by application, this type could also include some

automated guided vehicles and other robots.



As shown in Fig. 1.1, the robot is used for pick and place operation in industry. It has a gripper
attached at the end effector, which is used to hold the object. In industry, there are many such

tasks which are not easy for humans, as there is some risk to life. Such

Fig. 1.1: Industrial Robot used for pick and place operation [F1].

kind of tasks are easily done with the help of a robot. Another reason for using the robots in
the industry is the accuracy and capacity to work for prolonged hours. The use of robots for the
industrial applications is increasing day by day due to its advantages and growing need of good

quality as well as large quantity of a product.

1.2.2 Domestic or Household Robots

Domestic robots are used at home for households. This type of robots includes many quite
different devices such as robotic vacuum cleaners, robotic pool cleaners, sweepers, gutter
cleaners and other robots that can do different chores. Also, some surveillance robots could be

regarded as household robots if used in that environment.

1.2.3 Medical Robots

This is one of the most emerging sector where robots are playing a huge role. Earlier, there
were times when surgeries were performed manually. The patient had to undergo lot of pain
and it used to take around 15-20 days in coming back to normal life for the patient. But now
doctors are doing the same surgery with the help of a robotic system. This robotic system
consist of a surgeon side manipulator, a patient side manipulator, a camera and display screen.
Doctor just control the patient side manipulator using surgeon side manipulator or some control
system provided. The camera shows the movement of the patient side manipulator to the doctor

in the display screen. Camera used is of very small size and can capture very high quality
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photos and videos, thus enabling the doctor to zoom at microscopic levels to clearly see and
analyze the patient side. Such surgeries are also called minimal invasive surgeries, as shown in
Fig. 1.2. It takes around 2-5 days for the patient to come back to his/her normal life. Also, the
pain during the surgery is also very less as compared to the classical method of surgery.
Minimal Invasive surgery is costlier than a simple surgery but due to its benefits, it has become

quite popular now days.

Fig. 1.2: Medical robotic system [F2].

Medical robots now days have become more popular, due to their increased accuracy and ease
of use. Medical robots have made the complex surgeries made look easy and very accurate.
Minimally invasive surgeries are also possible due to the medical robots. In minimally invasive
surgery, surgeons use a variety of techniques to operate with less injury to the body of patient
than with open surgery. In general, it is safer than open surgery and allows you to recover faster
and heal with less pain and scarring during and after surgery. Minimally invasive surgery is
usually done on an outpatient basis or requires only a short hospital stay. So, medical robots

help a lot in a minimal invasive surgery and reduce the time taken to being normal.

Apart from that, medical robots help in performing very complex surgeries with very high
accuracy. In such surgeries, the operations performed on the patient are controlled by a control
panel which is controlled by the doctor. The movement of the robot is shown in the display
panel. It leads to a clear understanding of operations and the motion of the robot is controlled

very easily.Also, the degree of freedom of the robot is more than a human doctor. So, it

3



becomes easy for the robot to move in all the directions than a human doctor or the conventional

method of surgery.

Now days, multiple surgeries are also performed with the help of the medical robots. A doctor
sitting thousands of kilometers away from the patient can perform surgery on the patient with

the help of advance technologies in the field of medical robotics.

1.2.4 Military Robots
Robots have find wide applications in military. In military, robots are used in bomb disposal,
different transportation activities, reconnaissance drones. They can also be used in law

enforcement, search and rescue and other related fields.

Fig. 1.3: DRDO Déksh [F?;]. -
Indian army has a Remote Operated Vehicle named ‘DAKSH’, which is developed by DRDO,

India (Defense Research and Development Organization), as shown in Fig. 1.3.

1.2.5 Space Robots
Space robots are the robots sent in to the space to gather some data, images etc. which can help
the scientists to carry out further research. It includes robots used on the International Space

Station. With such robots, scientists can do their work sitting in their labs and controlling the
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robots directly. Robots can go in any kind of environment and collect data. Normally, power
supply is given to the robots with the help of solar panels fitted on them, but now days,

radioisotope power generators are also used. Example — Mars Curiosity Rover.

Fig. 1.4: Mars Curiosity Rover [F4].

Mars Curiosity Rover is bigger than a small car, equipped "standard" with six-wheel rocker-
bogie suspension and multiple camera systems, and its power supply doesn't rely on solar
panels. It uses a radioisotope power generator so that it can roam longer and farther. It can
travel to more interesting places than previous missions. It consists of an expansive suite of
science instruments named Sample Analysis at Mars, designed to analyze samples of material

collected and delivered by the rover's arm.

1.2.6 Hobby and Competition Robots

It includes the robots that are created for hobby or the competition purposes. Line followers,
sumo-bots, robots made just for fun and robots made for competition. Such kinds of robots are
very popular now days. It also includes the robot football and some other games also. In the

line follower robot, a robot follows the pre-defined trajectory.

1.3 Classification of Robots

There are number of ways on the basis of which robots can be classified in to different

categories. Here, some important classifications are discussed one by one.



The axes of first three joints are termed as major axis and axes of all other joints are termed as

the minor axes. It is basically the major axes that determine the position of the end effector.

The minor axes determine the orientation of the tool or the end effector. Robots can also be

classified according to their work envelope geometry.

1.3.1 Cartesian Coordinate Robots

All the major axes are prismatic or have linear motion along an axis.

A

11

N 4

/

C

Fig. 1.5: Cartesian coordinate robots [7]

Fig. 1.6: Cylindrical coordinate robots[7]

As shown in the Fig. 1.5, all the first three links have linear motion about the major axis. These

joints having such linear motion are known as prismatic joints and such a robot is known as

Cartesian robot.

1.3.2 Cylindrical Coordinate Robots

As shown in Fig. 1.6, cylindrical robots have first joint as revolute joint and all other joints are

prismatic joints. Such a robot is called cylindrical coordinate robot.

1.3.3 Spherical Coordinate Robots

If second joint of the cylindrical coordinate robot is replaced with revolute joint, then the robot

is known Spherical Coordinate Robot. As shown in Fig. 1.7, spherical coordinate robot has

first two joints as revolute joints and the third joint is prismatic joint.
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Fig. 1.7: Spherical coordinate robot [ 7] Fig. 1.8: Articulated coordinate robot [7 ]

1.3.4 Articulated Coordinate Robots

In the articulated robot, all the three joints are revolute joints and they are free to rotate about
the major axes. An example of the articulated robot is shown in Fig. 1.8. Here, the first revolute
joint swings the robot back and forth about a vertical base axis. The second joint pitches the
arm up and down about a horizontal shoulder axis. The third joint pitches the forearm p and
down about a horizontal elbow axis. These motions create a complex work envelope.

Articulated robots are also known as revolute robots.

1.4 Kinematics of Robot

Kinematics of robot includes the study of position and orientation of the different joints of the
robot. Different links and joints are modelled in to geometry as per their dimensions. And then
suitable methods to calculate the desired positions, orientations and the link angles will be used.
Kinematics of robots can be done in 2 ways, Forward and Inverse kinematics. Let us discuss

both kind of kinematics in detail one by one.

1.4.1 Forward Kinematics

In the forward kinematics of the robots, calculation of positions and orientations of the robot
using the joint angles, joint lengths, link angles and link lengths is done. First of all, robot is
represented in to a geometrical model. Then, coordinate frames are assigned at each joint.

Normally distal and proximal D-H methods are used to assign the coordinate frames.



1.4.2 Inverse Kinematics

Inverse kinematics of a robot involves the calculation of joint angles and joint distance of a
robot at a particular position and orientation. In the Inverse kinematics, position and orientation
of the end effector is already known.

This is very helpful in path tracking or trajectory tracking of the robot. In trajectory tracking,
joint parameters at different points of the desired trajectory are calculated, normally with
respect to time. Then, Joint and Link parameters are given as input to make the robot follow

the desired trajectory.

1.5 Scope of Thesis

In this thesis, the kinematic study of variety of robotic manipulators has been discussed. Simple
structures have been discussed first, thereafter moving towards some complex structures. Later
on, it has been concluded that the dealing with spatial and complex structures, with
conventional methods is not feasible. It can be concluded that kinematic study of a spatial and
complex robot is a challenging task, and this is our main focus in this thesis. A software named

SimWise 4D has been used to study the trajectory tracking of a Spatial Manipulator.

1.6  Organization of the Thesis

The organization of the thesis is as given below:

In Chapter 2, different methods discovered or used in the past for studying the kinematics of
robotic manipulators have been discussed. It includes the study of structures of different
manipulators, procedure of different methods used and their final results and comments. All
these methods have been presented in an order as per their development in the past.

In Chapter 3, the forward kinematic study of some general manipulators is presented. The
pioneer work, referred as Denavit and Hartenberg (D-H) parameter method, is used to describe
the structure of some general robotic structures. Thereafter, suitable examples for two variants
of D-H parameter method, i.e. distal and proximal have been presented to get the basic idea
and procedure of kinematic study and model formulation.

In Chapter 4, Forward kinematic study of a robotic manipulator present at CSIR-CSIO has
been presented using the D-H parameter method. Ambiguities of the D-H method have been
highlighted, in case of a spatial robot. The problems faced with this method has been solved

by making improvements to the method. Concept of dummy frames has been introduced.



In Chapter 5, Trajectory tracking of spatial manipulator has been done using SimWise 4D. The
spatial manipulator is made to follow a straight line. All this is done by using the software

SimWise 4D.

In Chapter 6, the major observations and work of this thesis are summarized. Future directions

of the present work are also discussed.



Chapter-2

Literature Review

2.1 Introduction

Robotics has been a topic of discussion and research since a long time. Lot of research has
been carried out in the past on robot’s kinematics, dynamics, control, human robots etc. In this
section, a brief discussion on the work done in the field of kinematics of robot has been done.
Robots now days are involving in day to day life. Apart from that, robots have find a place in
industries, medical surgeries and also in many other areas due to their accuracy, ability to work
consistently without any fatigue. So, lot of researchers have worked on the methods to solve
the kinematics of the robots.

Earlier, the methodologies developed for a simple configuration like a serial robot. Then, with
the time passing on, researchers carried out vast research on different complex arrangement
and developed more new and modified variants also. Also, some new algebraic methods have
also been developed to carry out the forward and inverse kinematics of the robots. Depending
upon the complexity and kind of robot, one can easily choose among these notations and
methods. Also, each and every method has its own advantages and disadvantages. So, it is
needed to study carefully all the methods to choose among these methods. In this chapter, all
the methods which the researchers have developed over the time, mainly related to the

kinematics of the robots has been studied.

2.2 Different Methods for Robot Kinematics

Many methods are available now days to study the geometry of robots with open-chain
mechanism. The most common used is the D-H method. It was back in 1955 when two
scientists named Jacques Denavit and Richard Hartenberg gave a notation for kinematic study
of the robotic manipulators. They named it as D-H notation. After D-H notations many other
methods and notations were discovered. These new theories or notations were made to remove
away the difficulties or the shortcomings of the previous notations. Following are some of the

methods used for the kinematic study of the robotic manipulators.

10



e Original D-H Parameter Method

e Distal D-H Variant

e Proximal D-H Variant

e Sheth and Uicker Notation Method

e Homogenous Matrix Transformation Method

e Lie Algebra Method

e Screw Theory Method

e Unified Notation Method for Serial & Parallel Robots

Different methods or different kind of notations for kinematic solution of a robotic manipulator

are discussed below one by one.
2.2.1 Original D-H Parameter Method

The very first notation given for the kinematic analysis of robotic manipulators, known as D-
H notations, was given by two scientists, named Jacques Denavit and Richard Hartenberg in
1955 [1]. They proposed a systematic notation for assigning right handed orthonormal
coordinate frames for every link in an open kinematic chain of links. Using these orthonormal

coordinate frames, final position and orientation of the links and end effector were calculated.

So, while using the D-H parameter method, first of all, assign orthonormal coordinate frames
to all the links. Once these coordinate frames are assigned, transformations between adjacent
coordinate frames can be calculated. These transformations are represented by a single standard

4x4 homogenous coordinate transformation matrix.

The Original D-H parameter method is easy to apply and has a generalized solution for all kind
of the serial robots Also, the calculations involved are not so complex, but it can be used only
in the case of serial robots. In case of serial robots, it gives us an overall transform matrix,
which maps the coordinates of the tool with respect to the base of the robot. This is known as
the arm equation. The arm equation is obtained by multiplying different transformation

matrices, obtained using the formula given by D-H notation.

In this method four parameters, popularly known as D-H parameters, are defined to provide

the geometric description to serial mechanisms. Out of the four, two are known as link
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parameters. They describe the relative location of two attached axes in space. Remaining two

are known as joint parameters. They describe the connection of any link to its neighboring link

Link length (a;) is measured from z; to z;,, along x;.,. Link twist (;) is measured from z; to
Z; 41 about x;,,. Joint offset (d;) is measured from x; to x;,, along z;. Joint angle (6;) is

measured from x; to x;,; about z; [3].

A robot is composed of (n+1) links, link 0 is the fixed base, link n is the terminal link, and joint
i connects (i — 1). A coordinate frame R; is assigned with respect to link i. The axis of joint i
is supposed along z;_, while the X; axis is defined as the common perpendicular to z;_; and z;.
Once the notations are given properly to the different frames and the axes, then joint parameters
and the link parameters can be calculated easily and written in a tabular form. As shown in Fig.

2.1, notations are given to different frames and axis, using the original D-H parameter method.

Az

Base-link

Fig. 2.1: Denavit-Hartenberg Notation [3]

The 4%4 transformation matrix which defines frame i with respect to frame i — 1 is obtained

as a function of joint and link parameters (8;,1;, d;, ;).

Four D-H parameters can be expressed using vector forms which takes in to account the sign
of displacements,

COoS a1 = Z1. Zy, (21)
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sina; = z; X Z,. Xy, (2.2)

CosbB; = Xxq.Xy, (2.3)
sinf; = xy X x,. 274, (2.4)
a; = Vec(0,0,). x,, (2.5)
d, = Vec(0,0,). z4, (2.6)

where Vec (0, 0,) represents a vector from 0, to O,.
Two screw transformations are involved in mapping of frame 1 to frame 2 [3]. First, about the
axis z; by distance d; and angle 8, followed by second, about axis x, by distance a;and an

angle of ;. Both these screw transformations finally give a single transformation matrix after

multiplication.
T12 = SCrew (91, dl’ Zl) - SCrew (al, al, xz), (2.7)
1 0 0 01r1 o 0 0
0 cosf; —sinf; Ofla; 1 0 0 )3
B 0 sinfB; <cosf; OO0 O cosa; —sina; (2.8)
YT d, 0 0 1/L0 0 sina; cosay
1 0 0 0
Ty, = . . 2.9
' a;cosb; cosf, —sinb,cosa, Sinbisina (2.9)
a,;sinf; sinf; cosB;cosa,; —CO0Sb;sina,
dq 0 0 cos a,

where T}, is 4X 4 homogeneous transformation matrix which gives position of frame 2 with
respect to frame 1.

If joint i is rotational, then the joint variable g; is equal to 6;, while q; = 1;, in case of a
prismatic joint. The geometric model of a serial robot can thus be obtained by the successive

multiplications of the transformation matrices.
TH =T X T X ... ... o (2.10)

It is to be noted that the frame n can be always defined such that D-H parameters of frame n

are always equal to zero.
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This is the procedure to calculate the transformation matrices. These transformation matrices
are further used to calculate the arm equation of the robot. The arm equation as shown above
is nothing but simply the systematic multiplication of different matrices calculated using the
formula for the transformation matrix. So, it can be said that this method is overall good for
serial robots because it can easily give a generalized solution for a serial robot. Further, the
calculation involves are not so complicated in this notation. So, this notation can be used easily

for serial robots.

That’s how, the D-H notations are used to find out the D-H parameters or the values of the joint
and the link variables. Once the value for the joint and link variables is obtained, transformation
matrices can be calculated easily, which ultimately gives the arm matrix or the arm equation

upon multiplying all the obtained transformation matrices.
2.2.2 Distal D-H Parameter Method

The distal variant is currently the most popular form of the Denavit-Hartenberg notation found
in the literature. The earlier references to the present form that are given by Kahn Roth [4]. As
shown in Fig. 2.2, the original parameters (a,, @;,0;, d1) have been replaced by (a,, a,, 6,
d,). But the coordinate frame indices and the link indices remain the same. It can be seen that
displacement about the second joint is 8, or d,. Similarly, displacements along the first joint
axis are 6, and d,. The four Denavit-Hartenberg parameters (a,, a,, 8,, d,) can be expressed
using vector forms. When used in vector forms, signs of the displacements are also taken in to

the account.

This modification was made to make the parameter identification simpler [6] and is used world
widely for kinematic description of serial robotic manipulators, as reported by Lipkin [3]. The
term distal refers to the location of the link-frame relative to manipulator base and according
to this variant, a frame is attached to farther end point of link, when travelling from manipulator
base towards end effector.

Fig. 2.2, describes the schematic representation of distal variant. The coordinate frame having
components x;,y; and z; is attached at father end point of first moving link L,. Later on, this
variant was popularized by Paul [6] and Shilling [7] and has been applied to different kinds of
kinematic problems. There are some differences in the original version of D-H parameter and

the distal variant of same. In original D-H method, link parameters, a; and «;, are measured
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I11.

from z; to z;,; about x;, 1, whereas in this variant, link parameters are measured from z;_; to

z; about x;.

W tool-tip
|

Base-link

Fig. 2.2: Distal D-H notations [3].

Also, joint parameters 8; and d; are measured from x;_; to x; about z;_; rather than measuring
from x; to x;,4 about z; as in original D-H parameters method. From Fig. 2, it can be seen that

a, and a, were measured about x,, whereas d, and 6, were measured about z; .

» Frame Assignment Using Distal Variant of D-H Parameter Method [7]:

First of all, diagram of a given kinematic chain showing the links and joints axes is drawn.
It may be termed as line diagram. Joint numbers are marked from 1 to n, starting with base
and proceeding towards end-effector. Then, z; — axis to (i + 1)t" joint axis are assigned
about which motion is taking place, fori = 1 to (n — 1). The base frame z-axis, z,-axis is
always aligned with 1*' joint axis.

A point at the intersection of axes z;_; and z; is located. Origin (0;) is marked of i*" frame.
A common normal is drawn to z;_; and z; from the point of intersection. Assign x-axis
from O; along common normal. If z;_; and z; don’t intersect, as in case when two
consecutive joint axes are parallel to each other, origin (0;) is considered at the point of
intersection between z; and common normal. The x-axis, is assigned in the same way as
before however, away from z;_;. In this way, z and x axis can be assigned at each joint.

Then, y-axis can be assigned according to right hand thumb rule.
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IV.

At the end, it can be seen that all the coordinates have been assigned. Now, corresponding
D-H parameters can be calculated.

Once, D-H parameters are calculated, transformation matrices can be calculated easily. In
Fig. 2.2, frame 1 can be mapped to frame 2 by a screwing motion about z, by distance d,
and angle 6,, which is further followed by a screwing motion about x, by distance a, and

angle a,.

Bi, = Screw(8,,d,, z;).screw(a,, a,, x;) (2.11)
1 0 0 0711 0 0 a,
0 cosB, —sint, 0|0 cosa, —sina, O
0 0 0 0 . (2.12)
By, ~ sint,  coso, 0 sina, cosa, O
 d, 0 0 1110 0 0 1
1 0 0 0
a,cosf, cosf, —sinf,cosa, sinb,sina,
. . . (2.13)
= |a,sinf, sinfB, cosO,cosa, —cosbO,sina,
d, 0 0 1

This is the transformation matrix obtained from the distal D-H parameters. All the
transformation matrices can be calculated using the same formula. Then all the matrices can be
multiplied in a systematic way in order to obtain an arm matrix, which ultimately maps the tool

coordinates to the base frame.

Later on, velocity, total work envelope etc. can be calculated using the arm equation. These are
the different techniques to solve for the forward and inverse kinematics of the robotic

manipulator.

2.2.3 Proximal D-H Parameter Method

Second modified method is known as proximal variant of D-H parameter method. Again,
reason behind this modification was same as in case of distal variant i.e. to make the parameters
identification simpler. In this method, the term proximal refers location of frame, being rigidly
attached to link, relative to manipulator base. According to this variant, coordinate frame is
placed at that end of the link which is closer to manipulator base or which comes first, when
travelling from base towards end effector. It differs from original D-H parameter method in the

sense that link parameters a; and a; are measured from z; to z;,; about x; rather than
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measuring from z; to z;,; about x;,; as in case of original method. Also, joint parameters 6;
and d; are measured from Xx;_; to x; about z; rather than measuring from x; to x;,, about z;

2, 3].

With reference to Fig. 2.3, it can be noticed that link coordinate frame having components
X1,Y; and z; is attached at closer end point of first moving link L;. The link parameters a, and

a, are measured about x,, whereas d, and 6, are measured about z,.

Az

Z1 5
o Z3
L2 o
yz
- 0o
" |d2 0
= - T X2
(0}
“a
X1 ]
01 tool-tip

Base-link

Fig. 2.3: schematic representation of proximal variant of D-H parameters method [3].

The proximal variant is less widely found in present literature than the distal variant but occurs
more frequently than the original notation. In the proximal variant of the D-H parameter

method, it can be noticed that,

I.  Frame i is rigidly attached to link i.

II.  Displacements 6; and d; are measured about z;.
III.  Displacements a; and a; are measured about X;.
IV.  The first joint displacement is 8; or d;.

V.  The ground is link 0.
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I1I.

Iv.

The i, joint in the chain is along z;. Frame i is attached to the proximal end of link i to satisfy
criterion 1. Since the displacements 8; and d; are measured about z; criterion 2 is satisfied.
Similarly, displacements a; and a; are measured along x; so criterion 3 is satisfied. Finally the
first joint displacement is 8; or d; so criterion 4 is satisfied and the base is link 0 so criterion
5 is satisfied. In proximal variant, all five criteria are satisfied, whereas in Original D-H, only two

criteria are satisfied and in Proximal D-H, four criteria are satisfied.

» Frame Assignment Using Proximal Variant [2]:
A schematic line diagram of given kinematic chain is drawn at first. Now, the next step is
to recognize the joint axes. Joint axes are marked as z; — axis, fori = 1toi = n. The z-
axes, zy and z,,q, of base and end-effector frames can be chosen arbitrarily. It can be
aligned with 1% joint axis for base frame and along the approach vector for end-effector
frame. In this way, z- axes are assigned. Next task is to assign the x — axes.
There is a common normal between i*" and (i + 1) joint axes or there is a point of
intersection of same axes. If there is a point of intersection, mark this point as origin of it"
frame. If these joint axes does not intersect, choose origin arbitrarily at the intersection of
common normal and i*" joint axis, so that joint distance become zero. Assign x-axis along
common normal from origin.
Right hand thumb rule can be used to complete the link frame definition and thus y-axis
can be assigned in this way.

At last, corresponding D-H parameters can be calculated.

By, = Screw(ay,aq,x;).screw((6,,d,, z5) (2.14)
(1 0 0 0
a; 1 00592 —sinf8, 0 )15
= 0 0 cosa; -—sinag sm@z cosf, 0 (2.15)
B12 1
[0 0 sinay cosay 0 1
[ 1 0 0 0
a, cosf, —sin@, 0

y . . 2.16
= |—dzsina; cosa;sinf, cosa;cosf, —sina, (2.16)

| dycosa;  sinay sinf, sina; cosf, cosay

This is the transformation matrix in case of the Proximal D-H parameter.
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» Comparison: Original D-H, Distal and Proximal variant:

From the above discussion, it can be concluded that proximal method is easiest to use, as it is
easy to identify the parameters in case of Proximal D-H parameter method. In Proximal variant,
the subscript index of axes (x; and z;) are same. These are the axes about which link and joint

parameters are being measured, as shown in Table 2.1.

Table 2.1: Comparison of original D-H parameter method and its variants in terms of parameter

representation.

Original D-H Proximal
Parameter (s) Distal variant .
method variant
COS a1 717y Zy-Z1 Z4-Zy
sin a4 Z1 X Zy. Xy Zo X Z1.X1 Z1 X Zy. X1
cos 0, X1.X; Xo- X1 Xg- X1
sin 6, X1 X Xy.24 Xo X X1.Zg Xo X Xq.24
a, vec(0,0,).x, vec(0y0,).x, vec(0,0,).x,
d, vec(0,0,).2, vec(0,0,). z, vec(0,0,).2z,

But in case of original and its distal variant, the situation is different. So, it is not an easy task
to remember the definition of these parameter measurement. As observed from above
discussion, distal variant is more widely used as compared to original and proximal D-H

method. Table 2.1 shows the summary of comparison made above.

» Limitations of D-H parameter method:

1. It is not an easy task to evaluate D-H parameters for some spatial linkages. The reason
behind is that common perpendicular is required between two skew lines in space [10].

2. Kinematic analysis of only serial mechanisms can be done using D-H parameter method
and its variants, as pointed by Thomas et al. [9].

3. Only z-axis is defined by D-H parameter method base coordinate frame. No unique

h

representation of x-axis is provided. In case of tool-tip frame, i.e. n*" in case of distal
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variant and (n + 1)®" in case of proximal variant, there is no definite representation of X
and z-axes. They are assigned arbitrarily as reported by Siciliano et al. [21].

4. Describing parallel and hybrid manipulators, which contain joints like spherical or cardan
joints, i.e. joints with more than one degree of freedom, by using D-H parameter method
does not give unique results as reported by Thomas et al. [9].

5. D-H parameter is based on Homogeneous link coordinate transformation matrix. This is a
4x4 matrix. It uses twelve parameters to represent only six degree of freedom. So, it highly

redundant as pointed out by Sahu et al. [20].

2.2.4 Sheth and Uicker Notation

Another notation was given by Sheth and Uicker in 1971. This convention partitions
displacements in joint and link displacements and decomposes these displacements into three
axial screw displacements. Because of this systematic construction, the convention features
several practical and theoretical preferences. Conventions for kinematic modeling have to deal
with a ‘trade-off” between compactness on the one hand, and generality and intuitiveness on
the other hand. It was shown how the two-axial-twist description of Denavit-Hartenberg is
extended to a three-axial-twist description by the Sheth—Uicker convention such that a
mechanism can be described by a table that reflects the geometry of adjacent joint axes and

that has a structure that reflects the topology of the mechanism type.

After the brief study, it can be concluded that this method is very complicated for the serial
robot, so better option is to use the D-H method or the D-H notations. As it has been observed
that, S-U notation was mainly given for the complicated robot structures like the tree robot.
Due to the complex calculations involved, this method is not used for the serial robots, but this

notation is very helpful for calculations in a tree structure robot.

The S-U method has successfully removed the problem of multi-parameters sets, as reported
in limitations of D-H method. Each link of a serial chain is assigned with two coordinate frames
in this method. The frame which is at proximal end has components U, v and w, whereas the
frame at the distal end has components as X, y and z. Fig. 2.4 shows the coordinate systems
assigned by using S-U Method.
Procedure to apply S-U method to a spatial mechanism:

I.  First of all, joint axes of infinite length are drawn at the points where links form the

connection.
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II.

I11.

IV.

Thereafter, an axis w; is assigned to proximal end of the link and z; to the distal end of
the link.

Assign wj- axis for next link, which should be at proximal end of the link, along the z;-
axis of previous link. Then, z;-axis is assigned at distal end of the link along the joint
axis, as shown in Fig. 2.4.

Now, for the remaining two coordinate frames, U, v for proximal frame can be randomly
chosen. Similarly, X, y for distal frame can also be chosen arbitrarily.

A common normal is drawn from w; to z, i.e. tj , where z is the axis assigned to

later link w.r.t pair being considered.

VA
Wi Distal end of

Distal end of of L» Li

Proximal end
of L

P = < Base

Fig. 2.4: Sheth and Uicker Notation. [3]

It is important to first understand the S-U method for first two links. If dine so, it is easy to

assign S-U parameters for rest of links. First link frame of the structure has

components u;, v;, w; at proximal end of the structure. Whereas, at its distal end, second frame

has x;, y;, z; components. So, if this is understood to the user, it is very easy to assign the frames

and then further calculations can be done. As shown in the Fig. 2.4, second link has two frames

u;, v, w; and Xy, Yy, Zj respectively at proximal and distal ends.

The S-U parameters can be defined as follows:

aj, = distance measured from wj to z; along tjy.

@ji = angle measured from w; to z;, about tj
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bjy = distance measured from ¢;; to x along z.

B = angle measured from ¢t to x; about z.

¢j, = distance measured from u; to tj, along w;.

Yk = angle measured from u; to tj;, about w;.

6; = angle measured from u; to x; about common joint axis z;, w;.
J j j j> Vi

The next step in S-U method is to perform coordinate mapping or transformation. Existing
matrix method of coordinate transformation can be used. A numerical schemes have been

presented by the authors, in order to reduce the task of data collection.
In this scheme, each transformation matrix consists of two parts, which are as follows:

I.  Shape matrix: The shape of the link is specified using the shape matrix. It is a constant
part which specifies the shape of a link by using six parameters. It uses relative
orientation of a coordinate frame, at the beginning of link and another coordinate frame
present at the end of same link. A common perpendicular is found between two axes,

in order to determine the constant shape parameters for the link.

II.  Joint matrix: It is a homogeneous link coordinate transformation matrix which

represents the joint motion. It is a function of joint variable.

> Advantages of S-U method:

Following are the advantages of S-U method over the D-H parameter based methods:

I.  S-U method is applicable to all rigid link mechanisms like open loop, closed loop, hybrid
structures and tree like structures.

II.  S-U method is more flexible than D-H methods. Here, in S-U method, two frames one
for each link, is provided at the point of meeting of two links. So, frames can be chosen
independently, which provides more flexibility. But, in case of D-H parameter method

and its counter parts, there is no such flexibility.

» Limitations of S-U method:
There are some limitations also, associated with the S-U method, discussed below.

I.  Ttuses seven parameters as compared to four parameters by D-H, to describe joint motion

and the link shape.
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II.  The complexity level is very high in case of S-U method. So, normally some other
method, which is simple is preferred over the S-U method. It is mostly suitable for only
closed-loop chains only.

II.  Number of coordinate frames is very high. So, level of complicacy is also very high,

which ultimately makes the method computationally expensive.

2.3 Summary

With reference to above discussion, methods like D-H parameter method and its variants, S-U
method, Khalil and Kleinfinger method. A unified method, Quaternion theory based method,
screw based displacement methods etc. has been found in literature. From this review, it has
been observed that for the kinematic description of serial manipulators, the distal variant of D-
H parameter method is used most widely, as compared to original D-H parameter method and
its proximal variant. However, it leads to ambiguities when applied to parallel, closed-loop or
tree like structured robots. Later on, these ambiguities has been removed by method proposed
by Sheth and Uicker (S-U), which is the most generalized method, because of its wide range
of applicability, for dealing with kinematic problem of any rigid link mechanism. Still, because
of its complexity (two number of frames per link for serial chains and non-minimal parameter
representation), it is applied to closed-loop robots only. Thereafter, a new geometric method
has been proposed by Khalil and Kleinfinger which is also applicable to open, closed-loop or
tree like structured robots and simple to use as compared to S-U method. In literature review
performed in this thesis, it has been observed that this method has a wide range of applications.
Another method, coined as a Unified method for serial, parallel, hybrid manipulators, has been
proposed by Thomas et al. However, its application to kinematic problems is very limited as
compared to other methods.

But as per the application of our work and ease of use, D-H parameter method is the method
which is easy to apply, computationally not expensive and easy to modify as per our

requirements.
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Chapter-3

Kinematic Study of Conventional Serial

Manipulators

3.1 Introduction

Robot kinematics studies the relationship between the dimensions and connectivity of
kinematic chains and the position, velocity and acceleration of each of the links in the robotic
system, in order to plan and control movement and to compute actuator forces and torques.
Robot Kinematics can be studied in two ways-

e Forward Kinematics

e Inverse Kinematics
Forward Kinematics- In forward kinematics, joint variables and link variables are known,
and final position and orientation of the robot end effector are calculated. First of all have a
look at the joint variables and link variables. With the help of geometric transformations,
mapping of the coordinates of end effector of robot with respect to the base of the robot is done.
Then generation of the kinematic equations establishing the relationship between the base and
the end effector of the robot is done. In total there are four variables, i.e. link angle, link
distance, joint angle and joint distance. Then the values of the joint variables and link variables
are inserted in the kinematic equations produced. This ultimately gives the position and

orientation of the tool or the end effector of the robot.

Inverse Kinematics- In case of Inverse Kinematics, the position and orientation of the end
effector are known and the joint and link variables of the robot are to be calculated. Here also,
development of some algorithm or a systematic procedure has been done in order to assign the
link coordinates to a robotic manipulator. Successive transformations between adjacent
coordinate frames, starting at tool tip and working back to the base of the robot, then led to the
arm matrix. The arm matrix represents the position and orientation of the tool in the base frame
as a function of joint variables. From the arm matrix, the tool configuration matrix can be

obtained easily. The tool configuration matrix represents the position and orientation of the
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robot end effector or tool in terms of joint variables. So, the tool configuration matrix can be

further used to find out the joint variables. In this way, the inverse kinematic problem is solved.

9 | Forward {p.R}
kinematics
Joint space Cartesian or
b task space
R
q Ir.werse - “ﬂ
kinematics

Fig. 3.1: General description of kinematics of robotic manipulators.

Above line diagram defines the Forward and Inverse Kinematics in a very simple and easy to
understand way. From this line diagram it can be said that, if the Joint variables (q), are known,
then using the forward kinematics, position (p) and orientation (R) of tool-tip of end-effector
can be found. And similarly, if the position and orientation of the end effector of the tool tip
are known, then using the inverse kinematics operation, the joint variables of the robot links
can be calculated.

Summing up the above discussion, it can be said that the Forward kinematics transforms the
Joint space coordinates in to Cartesian or task space coordinates. On the other hand, Inverse

kinematics transforms the Cartesian or task space coordinates in to the Joint space coordinates.

3.2 Link Coordinate Transformations

Orthonormal frames are attached to each and every link on our manipulator. Then, it is required
to map the frame attached to an arbitrary point on rigid-link, into base coordinate frame to
know about the relative position and orientation of different links of a manipulator in R3. This
is known as link coordinate transformation.

3.2.1 Homogeneous Transformations

Homogenous transformations include both homogenous translations and rotations. During
rotations, the orientation changes, while during the translation, changes the position of the
object. The orientation of coordinate frame attached rigidly to a body can be mapped to another
coordinate frame with the help of pure rotation matrix (3x3) in R3. But the position of the
same, cannot be defined in R3 by a matrix of order 3x3. After rotation of frame attached to

body the position of origin remains same, as it is before rotation, but it is not true for the case
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of displacement of body, resulting into change in position of origin. In simpler words, it can be
said that a matrix of order 3X3 can take in to account only the rotation, but not the position of
the body. So, in order to define the position of body-attached frame with respect to some other
coordinate frame there is a need for another type of transformation, which is known as
translation and is defined in four dimensional space (R*), by means of homogeneous
coordinates. Homogeneous coordinates of a point (say) p inR3, w.r.t an orthonormal

coordinate frame {A} in R3, are denoted as [p]# and are given as [7]:

[P]A =0[p1, P2, 3, 11" (3.1

where p4, p, and p; are components of point p.

Thus, homogeneous coordinates of a point p in R3 can be represented by a vector in R*. The
fourth component ¢ is a non-zero scale factor and it can have any value, which results in
generation of same physical space. Hence, homogeneous coordinates are not unique, as there
is a non- zero scale factor. These transformations are the point transformations. Now, to
transform a physical point, defined in its homogeneous coordinates in R3, from one coordinate
frame to other coordinate frame a 4x4 homogeneous coordinate transformation matrix is used

and is defined as:

ols

where
R is a 3x3 matrix which represents the orientation of frame to be rotated.
P is a 3X1 column vector representing position of frame to be translated.

n" is perspective vector which specify a point of perspective for visual sensing with

camera. It has non-zero value in case of overhead camera transformations.

3.2.2 Homogeneous Rotation and Translation
An elementary rotation or translation can be regarded as a special case of 4X4 homogeneous
transformation matrix. Consider {A}, {B} are two orthonormal coordinate frames, initially

coincident, now:
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I.  If rotation of frame {B} is done by an angle 8 about i*" unit vector of frame {A}, the
same can be represented in terms of homogeneous coordinates by 4X4 matrix denoted by

Rot (8, i) and is pronounced as i*" elementary homogeneous rotation matrix:

[Ri(6)]3x3

|
s[Rot (8,i)] = _: <i<3; (3.3)
|

_ |0 ©
—_—
A\
A
[98)

0 0 0

Where [R;(08)]3x3 is the elementary rotation matrix about i** unit vector.

II.  For elementary translation of origin of frame {B} relative to the origin of frame {A}, say
by amount t; along i*"* unit vector of frame {A} following 4x4 homogeneous

transformation matrix is used:

4[Trans (q)] 2 (3.4)

o |loo -
o |lor o
o |mo o
| == =
= oo &

III.  Simultaneous rotation and translation homogeneous transformation matrix can be written

as:

[R;(0)]3x3

0 0

(3.5)

s [N
—
o’
—
Il
— == =
o~
&

o

IV. A point p defined in local coordinate frame {A}, can be defined in global coordinate

frame using homogeneous transformation as:

Bp="4T 4p (3.6)
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3.3 Forward Kinematics: Using Distal Variant

First of all, study of the forward kinematics of some simpler structures of robotic manipulators
is done. Then, a spatial robotic configuration, which is a more complicated structure having
five degree of freedom has been discussed. So, in this section, study of forward kinematics of
SCARA robot, 5-axis robot and a six axis robot has been done, using the distal variant of D-H

parameters.

3.3.1 SCARA Robot

A SCARA robot is a four axis robot having three revolute and one prismatic joint. SCARA
stands for Selective Compliance Assembly Robot Arm. The first two joints are revolute joints,
followed by a prismatic and a revolute joint.

The acronym SCARA stands for Selective Compliance Assembly Robot Arm [8]. It consists
of one fixed link and four moving links, providing four independent motions in Cartesian space

(R?). The kinematic configuration of this robot has been described in Fig. 3.4.

Elbow
al Ly a2
aT 12
I ™
T
L3
o W D <
RED = X-AXIS o
GREEN = Y-AXIS
BLUE=Z-AXis ToOl[ |
L4
Lo

Fig. 3.2: Description of 4-axis SCARA robot according to distal variant.

There are two types of pairs between these links— 1) revolute, between
links (Lo, L1), (L1, L,) and (L, L,); ii) a prismatic pair, between links L,, L. Link-frames are
assigned using distal variant of D-H parameter method. The corresponding link parameters and
joint parameters are as shown in Fig. 3.4 and are given in Table 3.1. Major applications of this

robot is pick and place operations.
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Table 3.1: Distal variant D-H parameters of SCARA robot.

S. Link(‘I;Sngth Link Twist (a;) JOin(td(:)ffset Joint angle Home
No. () (deg.) () (0;) (deg.) | position

1 a, a;, = 180; dy 6, 0

2 a, a, =0; d,=0; 0, 0

3 as; =0; as =0; ds 05 = fixed d

4 a, =0; a, =0; dy 0, 0

To solve the forward kinematics, first of all coordinate frames to all the links are assigned.
Once coordinate frames are assigned, then the transformation matrices are used to calculate the
position and orientation of the respective links and finally the position and orientation of the
tool tip or the end effector of the robotic manipulator. While solving a transformation matrix,
input is needed in form of joint angle and joint distance, which are already available. At first,
a table has been made enlisting down all the joint and link parameters. Then, values of these
parameters are inserted in to transformation matrix and solution to our problem can be
calculated. In this way, the forward kinematics of the robotic manipulator can be calculated.
Final transformation matrix for a SCARA robot transforming the joint space coordinates in to
the Cartesian coordinates has been calculated. In this way, the position and orientation of the

tool tip or the end effector of the robot can be obtained.

The transformation matrix (533$T) for a SCARA robot, transforming from base of the robot to

the tool of the robot is,

a;¢; + a1 (3.7)
51_2_4, —C1-2-4 0 a$1 + azS51-2

C1-2-4 51_2_4 0 |
|

- 0 0 -1 : di —qz —d,
|

base
toolT

0 0 0

Here, ¢;_5_4 = c0s(q1 — q2 — q4)-

1

3.3.2 Forward Kinematics of a 5-Axis Robot
A manipulator whose kinematic configuration resembles very closely to the human arm
anatomy, is 5-axis articulated robot. It consists of one fixed (marked as L;) and four moving

links (L4, L, L3 and L,). All joints are of revolute type. At last link, usually known as end-
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effector, two motions (pitch and roll) can be observed. Two examples of this robot can be
reported, these are— 1) Microbot Alpha II; ii) Rhino XR-3 [8]. Both of these manipulators has
same kinematic configuration. It has been observed while calculating D-H parameters, that

these parameters are same for both and are given in Table 3.2.

a2 a3

dé

di

Fig. 3.3: Microbot Alpha-II- structural details [8]

The Fig. 3.3 indicates the structural details of the Microbot Alpha —II robot. This is a five axis
robot. Fig. 3.4 shows coordinate frames assigned to all the links, in order to calculate the D-H

parameters

In Fig. 3.4, coordinate frames are assigned to the robotic structure, using the distal variant if

the D-H parameter.
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Fig. 3.4: Microbot Alpha-II — Frame assignment [8]

Now, the frames have been assigned. Next task is to calculate the D-H parameters using the

distal variant.

Table 3.2: Distal variant parameters of 5-axis articulated arm.

Link Length Joint Joint angle
S. (a;) Link Twist | offset (d;) 6;) Home
No. (a;) (deg.) position
(mm) (mm) (deg.)

1. a, = O, a; = - 90, dl 61 0

2. az 0(2 = O, dz = 0, 92 O

3 a3 O!3 = O, d3 = 0, 93 0

4 a, =0; a, =-90; d,=0; 0, 90

5 a5 = 0, as = O, d5 95 0

From these D-H parameters, the position and orientation of the robot can be calculated by

simply putting the values in to the transformation matrix.
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3.3.3 Forward Kinematics of a Six-Axis Robot
Now, let us perform a kinematic analysis of a six-axis articulated industrial robot, the Intelledex
660 manipulator [8]. This robot is high-precision light-assembly industrial robot, having six

degree of freedom.

a4 dé

a3

Xé
Y3 Y4
X1
Shoulder Roll

. L2 L3 Tool

\» I1 X3 X4 ===
"y b 7

13
4

Y2

12
) Shoulder Pitch
X2 Y5

Tool Rell
s

di
/->

Fig. 3.5: Intelledex 660 six-axis articulated robot

The Fig. 3.5 shows the structure of the robot, its joints, coordinate frames assigned to various

links. Now, let us find the D-H parameters of the same using the distal approach.

Table 3.3: Distal variant parameters of 6-axis articulated arm.

S. Link Length Link Twist | Joint offset | Joint angle Home
No. (a;)(mm) (a;) (deg.) (d;)(mm) (6;)(deg.) | position

l. a, =0; a; =90; d, q1 90

2. a,=0; a, =90; d,=0; q- -90
3. as as =0; d; =0; qs 90

4. a, a, =0; d,=0; qa 0

5. as =0; as =90; ds = 0; qs 90

6 ag =0; ag=0; dg 96 0
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Further kinematic study can be done by inserting these values in to the transformation matrix
obtained by multiplying all the transformation matrices. This is the way to calculate the position

and orientation of the tool tip or the end effector with respect to the base of the robot.

3.4 Forward Kinematics: using Proximal Variant

3.4.1 Forward Kinematics of a SCARA Robot

The kinematic configuration of this robot has been described in the previous section, in
applications of distal variant. However, the link-frame assignment and D-H parameters
calculation has been carried out in this example according to proximal variant, as shown in Fig.

3.6. The calculated D-H parameters are given in Table 3.4.

Elbow [d3
02
72
al (W% Y2°2 B va
L1 L2 X3
X2

<
o

d2
> i
L

Y4L)e4

2
:‘Y] 74 o)
X1 Tool! 14
|
LO 70 X5
w Y5
15
X1

Fig. 3.6: Description of 4-axis SCARA robot according to proximal variant.

Once coordinate frames are assigned, then by using the transformation matrices, position and
orientation of the respective links and finally the position and orientation of the tool tip or the
end effector of the robotic manipulator can be calculated. While solving a transformation
matrix, the input is joint angle and joint distance. Table below indicates the joint and link

parameters.
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Table 3.4:

Proximal variant D-H parameters of SCARA robot.

Link Length Joint offset | Joint angle
S. (a;_1) Link Twist (d;) ;) Home
No. (ai_1) (deg.) position
(mm) (mm) (deg.)
1. Ao 0, ag = 0, d1 91 0
2. a, a, = 0, dz 92 0
3. a, a, =0; d; = variable | 65 = fixed 0
4. a; =0; as = 180; d, 0, 0
5. Ay = 0, ay = 0, d5 - -

3.4.2 Forward Kinematics of a 5-Axis Robot

D-H parameters of a five axis robot is calculated using the proximal variant of the D-H

parameter. Fig. 3.7 shows the structural details of a 5-axes robotic Manipulator.

di

dé
] a2 a3 Xé
91 X4
(] )" o
03 3 24 Tool
X1
N L2 T 414 /
Y&
Lt \
\ e : X5
\ 2 \
. 62
X2
Y5 05
0
Y2
Yo
LO
Xe
Base

16

5

Fig. 3.7 Structural details of a 5-axis robot
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Table 3.5: Proximal variant D-H parameters of articulated arm.

Link Joint Joint
Leneth Link Twist 1
S No. | & () | offset (d) ange Home
0 (@) -l (0:) osition
de2) | (mm) b
(deg.) (deg.)
1 Ag = 0, Ay = O, dl 01 0
2 a, = 0, aq = '90, d2 = 0, 92 0
3 a, a, = 0, d3 = 0, 93 0
4 as s =0; dy =0: 0, +90
5 a,=0; | a,—-90; | ds=0; 0 0
6 ag = O, as = 0, d69 - -

3.4.3 Forward Kinematics of a Six-Axis Robot
The Unimation PUMA 560 is a six DOF robot [2]. It consists of one fixed (L) and four moving
links (L4, L, L3 and L,). All joints are of revolute type.

a2
N X7
3 ok
TOOL
I
() % Y2 7
: X1
X4
14 e
4 B4 / 16
T
Yo 96
10
Y0
X0
BASE

Fig. 3.8: Description of 6-axis Puma 560 robot according to proximal variant.
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The end-effector of this robot has Roll-Pitch-Roll motion. The axes about which these motions

takes place intersect at a point and three frames one for each, are assigned at this point. Fig.

3.8, describes link-frame assignment and marked D-H parameters (refer Table 3.6) according

to proximal variant. This is the structure of the Unimation PUMA 560 robot. No, let us find

out the D-H parameters of the same. Here, coordinate frames according to the proximal variant

of the D-H parameter have been assigned. To calculate the transformation matrices, D-H

parameters are required. Table 3.6 shows the D-H parameters for the above structure.

Table 3.6: Proximal variant D-H parameters of PUMA 560 robot.

Link Length | Link Twist | Joint offset | Joint angle
S. (a;—1) (@i-1) (d;) (6) Home
No. (deg.) position
(mm) (mm) (deg.)
1. ao 0, ao = 0, d1 91 O
2. a, = 0, a, =- 90, dz 02 0
3. a, a, = + 90, d3 = O, 03 —90
4. as az =-90; dy 0, 0
5. a, =0; a, =+90; ds =0; 05 0
6. a5 = O, CZ5 == 90, d6 = O, 06 0
7. a6 = O (XG = O d7 - -
[7'101 T Ti3 p:(c)]
0 Irzol 7”202 7"203 p;’ I
ol = lrspl T3y T3z Df
0 0 1
11 = C1[Cy3(C4CsCs — S4S6) — S23S55Cs] + S1(S4C5Cs + C4Ss)
1 = SilCos(CaCsCo = SiSe) = S23S5Cel = C1(SiC5Co + CaSe)
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Px

Py

Pz

—523(C4C5C — S4S6) — C2355C6

C1[Co3(—C4C5Ss — S4S6) + S235556] + S1(—S4C5S6 + C4C)
S1[Ca3(—=C4C5Ss — S4C6) + S33S5S6] — C1(—S4C5S6 + C4Cy)

—833(—=C4CsSg — S4C6) + C2355S6

—C1(C33C4S5) + Sp3C5 — 515455
—81(C23C4S5 + S33C5) — (15455

S23(455-C23Cs

= C1[ayCy + azCy3 — dySy3]- dsS;
= 51[a;C; + azCy3 — dySp3]+ dsCy

= —a38y3 — a8, — d,Cy3

(3.11)

(3.12)
(3.13)

(3.14)

(3.15)
(3.16)

(3.17)

(3.18)
(3.19)

(3.20)

The orientation and position of the tool tip can be calculated at any time by simply putting the

value in the above equations, i.e. equation 3.23-3.28.

3.5 Summary

In this chapter, forward kinematics of different robotic structures has been studied. Both distal

and proximal approaches of the D-H Parameters have been used. Forward kinematic model for

some robots has been developed using both distal and proximal variant of the D-H parameter.

In the next chapter, forward kinematics of a robotic manipulator, located at CSIR-CSIO,

Chandigarh, has been discussed. Forward kinematic model the five DOF robot has been

developed, using the proximal variant of the D-H parameter. Some shortcomings of the D-H

parameters has been discussed and efforts have been made to improve the D-H parameter

method, by doing certain modifications.
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Chapter-4

Forward Kinematics Using Dummy Frame

Method

4.1 Introduction

In the previous chapter, forward kinematics of four axis, five axis and six axis robots has been
studied using both distal and proximal variants of D-H parameter. The configurations used
were very simple and had straight links. So, the calculations were simple. But, in this chapter
robot is spatial and complex, for which the kinematic study is not easy. Certain modifications

are made in the existing D-H method in order to get accurate results.

The robotic manipulator used here for the study is a robot at CSIR-CSIO, Chandigarh. This
robot is a five DOF robot. It has spatial links. Forward kinematic study for the spatial and
complex robotic structure is done here. Some shortcomings of the D-H method are discussed.

Then, some improvements has been made to remove those shortcomings.
4.2 Case Study: A 5-DOF Spatial Robotic Manipulator

In this section, discussion is focused on kinematic study of a spatial robot at CSIR-CSIO,
Chandigarh. The kinematic study here is done using dummy frame method, which is an
extension of Proximal variant of the D-H.

4.2.1 Structural Details

First of all, have a look at the configuration and structural details of the manipulator, present
at CSIR — CSIO, Chandigarh. It is a robot having 5-DOF, which can be used either in a medical
surgery or any other industrial purpose. The material used in making the links is mainly cast
iron. At some places, steel alloys are also used. For movement in the links, electric actuators
are used, as they provide better control accuracy. The robot is slightly heavy. So, the actuators

are designed in such a way that the manipulator will move slowly, but accurately.
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Fig. 4.1(a): Practical model of the spatial Fig. 4.1(b): Basic Kinematic structure of the spatial
manipulator at CSIR-CSIO, Chandigarh. manipulator.

So, if used in such a surgery, accuracy will be our prime concern than speed. Fig. 4.1(a) shows
the practical model of the spatial manipulator, while a line diagram is drawn in Fig. 4.1(b).
From Fig. 4.1(b), it can be observed that the robot has five degree of freedom. The first joint,
i.e. the link between L1 and L2 is a prismatic joint. Link L2 can move up to 206 mm downwards
from the position as shown in the Fig. 4.1 right now. The next joint, between L2 and L3 is a
revolute joint. Link L3 can move around L2 easily, but some constraint is provided so that it
does not touch L1. Coming to the next joint between L3 and L4. It is also a revolute joint. Link
L4 is mounted at some angle to link L3. The angle at which L4 is mounted to L3 is 42 degrees.
Next joint, between L4 and L5, is also a revolute joint. Link 5 is basically a straight link, but
the axis of rotation of next joint does not lie at the center of the axis passing through L5. So, a
20 mm portion has been drawn separately. Next, there a revolute joint between L5 and L6. The
axis of rotation of this link is perpendicular to plane of link L5. So, due to this some problem
may be faced while formulating the kinematic model of this manipulator. Later on, study will
made on these difficulties and how to remove the error. Now, have a look at the forward

kinematics of this manipulator.
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4.2.2 Forward Kinematic Study

In forward kinematics, the position and orientation of the end effector or the last link of the
manipulator will be calculated, using the D-H parameter method. At first, arm equation needs
to be formulated. For that, D-H parameters are needed. Proximal variant of the D-H parameter
method is used here. Arm equation is formed by multiplying different transformation matrices

obtained.

The first step towards the kinematic study of the robotic manipulator is the assignment of
orthonormal coordinate frames. After assigning the coordinate frames, kinematic model can be
developed by using any suitable method for the robotic kinematic study. Most widely used
methods include D-H parameter method, S-U method etc. Here, proximal variant of the D-H
parameter method will be used. So, after solving the kinematics of the robot, validation of the

results will be done.

For validation part Solidworks 2014 has been used. Physical model measurements are also
used. In Solidworks, a 3D model of the same robot having same dimensions is made, in order
to calculate the position of the end effector for the any set of joint and link variables. Fig. 4.2

shows the dimensions of the spatial manipulator to be studied.
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Fig. 4.2 — Line diagram of the manipulator at CSIR-CSIO, Chandigarh.
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Fig. 4.2 is detailed diagram of the manipulator. It shows the dimensions of each link and kind
of joints between various links. Now, next step is to assign coordinate frames to each and every
link in order to start the kinematic study of the robot. Proximal variant of the D-H parameter
method is used here to assign the coordinate frames.Coordinates frames in Fig. 4.3 are assigned

using the proximal variant of D-H parameter method.

1

L1

X4

8\ G o

Xé&

0

Fig. 4.3 Coordinate frame assignment of robotic manipulator

First assign the orthonormal coordinate frames for all the links. Then, next step is to calculate
the D-H parameters. Then, calculate the transformation matrices for all the links. Once, the
transformation matrices are calculated, arm matrix can be calculated easily by multiplying all
the transformation matrices. It gives the position and orientation of the end effector. Coordinate

frames are assigned to all the links of the robot. These are orthonormal coordinate frames. One
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thing that can be noticed is that the z-axes are taken as axes of movement at that particular
joint. These axes have been shown using different colors for each axis. RGB concept is used
here. Red color has been used to represent the X- axis, Green color to represent the Y-axis and

blue color for the Z-axis.

In and out notations in the Fig. 4.3 represent either is the axis is going inside the plane or
coming out of the plane. Table 4.1 displays all the D-H parameter calculated using the above
Fig. 4.3.

Table 4.1: D-H parameters of spatial manipulator

S. No. | Link Length | Joint Distance | Link Twist | Joint angle Home
(a;—1) (mm) (dp) (mm) | (60 (deg) | position
(deg.)
1 a,=0 d, a,=0 0, =0 1714
2 a, =174 d, =50 a; =0 0, 0
3 a, =320 d; =5 a, =-90 05 -90
4 az; =0 d, =256 az =-42 0, -90
5 a, =20 ds=0 a, =-90 05 0
6 as = 132 de=0 as=0 0, -90

4.2.3 Development of Kinematic Model of Robotic Manipulator

To calculate the transformation matrix from i joint to (i + 1)*" joint, using the proximal

variant of the D-H parameter, following formula can be used.

— a;_
[ Co: Se; 0 [ i 1d] 4.1)
i1 [56,Cai-y  €0,Caiy  “Sai_y | T Sai-a%il
=1 = | iy
lA S6;5ai—1  €0;5a;_4 Caiy | Cai—1dl
0 0 0 | 1
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By using Eqn. (4.1), the tool-tip of our manipulator can be transformed to its base, as given

below:
24 = 941A2A3A%A2A. 4.2)
where
1 0 0 | 0 (4.3)
. 0 1 0 | 0
4 =10 0 1 1 1714
0 0 0 | 1
1 1 0 | 174
0o 1 0 ! o0
A =100 1 | 50 4
0 0 0 I 1
0 1 0 I 320 (4.4)
, 1 0 0 ! o0
A =10 0 -1 | 5
o 0 0 1 1
0 -1 0 | 0 (4.5)
; 074 0 066 | 171.2
A = [-066 0 074 | 1902
0 0 0 | 1
10 0 | 20 (4.6)
0 0 1 ! o0
e O S
o 0 0 1 1
0 1 0 | 132 4.7)
-1 0 0 | 0
2A = o o 1 ! o0
—_ i —_ | -
Lo 0 0 1 1

Now, final position and orientation of the different links of the robotic manipulator can be

obtained using the above equations.
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1 0 0 | 0
01 0 ! 0

4 = |00 1 ! 1714 (43)
L0 0 0 | 1

04 = [1 0 0 | 174]
0 1 0 ! 0
00 1 | 1764 #9)
0 0 0 | 1
0O 1 o0 I 494
1 0 O | 0

sa = [0 0 =1 | 1759 (410
0O 0 O I 1

0743 0 0669 | 6652
0 -1 0 0

94 = 0669 0 —0.743 | 15688 (4.11)
0 0 0 1
0.743 —0.669 0 | 680.16
0 1 -1 1 0

04 = |0669 0743 0 1 15821 (4.12)
0 0 o 1 1
0.669 0743 0 | 7782
0 1 -1 1 0

04 = |0.743 0669 0 | 16705 (4.13)
0 o 0 1 1

These are the transformation matrices obtained after multiplying individual transformation
matrices. They give the position and orientation of the respective link. So, to check the accuracy
and in order to validate our results, a 3D model has been developed in Solidworks and the real
positions of all the links with the same set of the joint and link parameters are calculated.
Comparison of both the results is done, in order to check the accuracy of this method. First, it
is needed to study the Solidworks 2014 model, in order to find out the positions of the different

joints, at home position.
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4.3 Development of 3D Model of Robotic Manipulator

For the validation part of the forward kinematics, a 3D model of the robotic manipulator in
Solidworks 2014 environment has been developed. All the dimensions of the model are kept
similar to the practical version of the robotic manipulator. Some complex parts and motors in
to our model are not imported to the 3D model, as they do not play any considerable role in the
forward kinematic study of the robot.

The 3D model, as shown in Fig. 4.1(b) is modelled in Solidworks 2014 environment. The main
purpose behind the 3D model is to verify the positions of different joints. The position at any
point can be measured using the measure tool in Solidworks.

At start, the UCS in Solidworks is randomly placed. So, to make sure all the observations are
right, the UCS is located at the base of the robot, as all our calculations are done with respect

to the base.

Diameter: | 100mm

Center. Omm,0mm,0mm

Fig. 4.4: Coordinate system placed at the base of robot

As shown in Fig. 4.4, the location of base is measured using the measure tool in Solidworks.
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Diameter; | 60mm
Center: | 174mm,0mm,1764mm

S

Fig. 4.5: Position of Joint 2 in the space, using measure tool in Solidworks 2014

It can be noticed that the measure tool can easily measure the position of the joint 2. According
to measure tool, (174, 0, 1764) is the location of the joint 2. It means the position or location
of joint 2 from base is 174 mm away towards X-axis and 1764 mm away in direction of Z-axis.

Similarly, location of all the joints is measured.

| X 880.90mm
Y. Omm
Z: 1359.19mm

Fig. 4.6: Position of Joint 5 (Revolute Joint) in the space, using measure tool in Solidworks 2014
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Diameter: | 20mm
Center. 1146.28mm,0mm,1261.723mm

Fig. 4.7: Position of tool tip in the space, using measure tool in Solidworks 2014

So, the positions of all the joints in space in Cartesian coordinates is available now. Positions
obtained from D-H method are also available. Now, comparison of both the results is done, in

order to check the accuracy of the D-H parameter method.

4.3.1 Result Validation (D-H parameter method)

Comparison of the results obtained by two methods is done in order to check the accuracy of
the D-H parameter method. One method is D-H parameter method, and another one is

Solidworks 3D model. Positions of all the joints using both methods have been calculated.

This table compares the positions of each link, obtained from D-H parameter method to the
real positions. From observations, it can be seen that the first four joints are getting the right
positions, while the last two positions are not matching with the real positions. The reason
behind the mismatch is that the proximal D-H parameters did not take in to account all the link

lengths.
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Table 4.2: Comparison sheet of positions of different joints of spatial manipulator

S. No. Proximal D-H Parameter Solidworks ( or real position)
method
X (mm) | Y(mm) | Z(mm) | X(mm) Y(mm) | Z(mm)
1 0 0 1714 0 0 1714
2 174 0 1764 174 0 1764
3 494 0 1759 494 0 1759
4 665.2 0 1568.8 665.2 0 1568.8
5 680.16 0 1582.1 880.9 0 1359.2
6 778.2 0 1670.5 | 1146.3 0 1260.7

This is the ambiguity noticed in the proximal variant of D-H parameter method. So, in order to
remove this error or the discrepancy, some modifications are to be made to the proximal variant
of the D-H parameter method. D-H parameter and its variants can take in to account all the
dimensions of a planar link easily and a serial robot. But here the links are spatial and complex.
So, it is not possible for the D-H parameter method to solve problem accurately. It is needed to

make modifications in the proximal variant of the D-H parameter method.

4.4 Ambiguities in D-H parameter method

From our observation, it can be noticed that the results of D-H parameters are not exactly
matching with what are the real positions of the manipulator. Up to joint 4, positions are

matching, but after that there is difference between the results obtained by two methods.

The D-H method was not able to consider the lengths of 300 and 250 in link 5 and link 6
respectively. The reason behind this is that the joint of link 5 (L5) and link 6 (L6) is such that
the axis of rotation lies in a plane perpendicular to plane of both the links. That’s why, D-H

parameter is not able to give the correct results to us in case of spatial linkages.
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4.5 Improvement in D-H parameters

As seen above, the proximal variant of the D-H parameter was not able to give us the correct
result in case of our robotic manipulator. So, certain modifications are made to the proximal

variant of the D-H parameter in order to solve the kinematic analysis of the spatial manipulator.

4.5.1 Concept of Dummy Frames

According to the concept of dummy frames, for a spatial structure, an extra frame can be used
at a point, where there is no relative motion, in order to take in to account all the segments of

the structure [21].

(a) (b)

Fig. 4.8-(a): A Spatial link without dummy frame. Fig. 4.8-(b) A spatial link with dummy frame.

When this concept is applied to a spatial link, as shown in Fig. 4.8-(b), it eliminates the
deficiency of D-H notation. Dummy frame is different from D-H frame. It is placed at a point
where there is no motion, whereas a D-H frame is placed at a point where motion is taking
place. Absence of motion at dummy frame does not imply that joint angle corresponding to
dummy frame vanishes rather it becomes a constant, whose value can be determined (as angle
from x;_; to x; about z;) according to D-H algorithm [21]. According to this concept, dummy
frames are introduced at two links, L5 and L6.

When this concept is applied to a spatial link, as shown in Fig. 4.9, it accounts for all the
segments of spatial link into corresponding D-H parameters and eliminates the deficiency of
D-H notation. Dummy frame is different from D-H frame in the sense that it is placed at a point

where there is no motion, whereas a D-H frame is placed at a point where motion is taking
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place. Absence of motion at dummy frame does not mean that joint angle corresponding to
dummy frame vanishes rather it becomes a constant, whose value can be determined according

to D-H algorithm.

> Rules to Assign Dummy Frames [21]:
1. First of all, Z-axis is assigned in the appropriate direction.
2. Next, assign X-axis according to D-H notation.

3. Use right hand thumb rule to assign Y-axis.

In the present work, two dummy frames are attached to spatial Manipulator. As there is no
motion taking place about any of the axis of assigned dummy frame, that’s why, they are known

as dummy frames.

™~
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| ™~
N
z=<
N
V]

X

Z0 YQN
________ X0

Fig. 4.9: Coordinates frames assigned along with dummy frames to the manipulator.

Fig. 4.9 and Fig. 4.10 shows the assignment of orthonormal coordinate frames to the spatial

manipulator.
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Fig. 4.10: Zoom in snap of fig.4.12 showing dummy frames assigned to the manipulator.

Fig. 4.10 shows the two dummy frames assigned, frame no. 5(X5, Y5, Z5) and frame no. 7(X7,
Y7, Z7). Table 4.3 contains the D-H parameters for the manipulator.

Table 4.3: D-H parameter of robotic manipulator at CSIR-CSIO Lab

S. No. | Link Length | Joint Distance | Link Twist | Joint angle Home
(a;—1) (mm) | (d;) (mm) (@) 6 (deg) | position
(deg.)

1 a, =0 d, a,=0 6, =0 1714
2 a, =174 d, =50 a, =0 0, 0
3 a, =320 d;=5 a, =90 05 -90
4 az; =0 d, = 256 az =-42 0, -90
5 a,=0 ds =300 a, =0 0s =0 -
6 as = 20 de=0 as =-90 O, 0
7 ac = 132 d; =0 ag=0 6, =-90 -
8 ae = 250 dg=0 ag =0 Og 0

To calculate the transformation matrix from i*" joint to (i + 1)** joint, this formula is used.
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Co, —Sp, 0 I Qi1 (4.14)
— —S,. .d;
i1 $6;Ca;1  €6;Cai4 Saj_y : @i-1 71
i = [591'50!1'—1 €051 Cajy | Cai—1di|
0 0 0 | 1 J

By using Eqn. (4.1), the tool-tip of our manipulator can be transformed to its base, as given

below:
%4 = 9431A2A43A%A3245%4%A. (4.15)
where

1.0 0 | 0 (4.16)
. 01 0 ! 0
4 = 10 0 1} 1714

0 0 0 1 1

1 1 0 | 174 (4.17)
) 01 0 | o0
A = |00 1 | 50

0 0 0 1 1

0 1 0 I 320 (4.18)
, 1.0 0 I 0
A = 100 -1 | 5

00 0 1 1

0o -1 0 I 0 (4.19)
5 074 0 066 | 171.2
A = |-066 0 074 = 1902

0 o o0 1 1
49 =11 0 0 1 0 (4.20)

0 1.0 ! o0

0 0 1 | 300

0 0 0 1 1
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Now, final position and orientation of the different links of the robotic manipulator is:

4

o |loor

S |loor

o |or O o |or O

o |loro
o |lookr

0.743
0.669

0.743

0.669
0

0o 1 0
o 1 0
10 1714 (4.24)
0o 1 1
0 | 1747
o I 0
1 : 1764 (4.25)
0o 1 1
0 | 494
o I 0
~1 | 1759 (4.26)
— | —
o 1 1
0 0669 | 6652
-1 0 0
0 -0743 ! 156838 (4.27)
0 0 1
0669 0 | 866.036
1 -1 0
—0.743 0 | 13458 (4.28)
0 (. 1
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[0.7431
0

~ | 0.669

0

= [10.7431

0
—0.743

0

= [ 0.669

0
—0.743

0

—0.669
1
0.743

0

0.743
1
0.669

0

0.743
1
0.669

0

0
-1
0

0

0

-1
0
0

0

-1
0
0

880.89

0

1359.2

1

978.9 7
0
1447.5

1

1146.3)
0
1261.7

1

(4.29)

(4.30)

(4.31)

These transformation matrices give the position and orientation of the respective links with

respect to the base of the robot.

4.5.2 Result Validation

Let us compare the results obtained by adding dummy frames to the manipulator with the

results obtained in the Solidworks model. If results obtained by both the methods match, it

means our approach of using the dummy frames is right.

Table 4.4: Comparison sheet of positions of different links

S. No. Proximal D-H Parameter Solidworks ( or real position)
method
X(mm) | Y(mm) | Z(mm) | X(mm) Y(mm) | Z(mm)
1 0 0 1714 0 0 1714
2 174 0 1764 174 0 1764
3 494 0 1759 494 0 1759
4 665.2 0 1568.8 665.2 0 1568.8
5 866 0 1345.8 866 0 1345.8
6 880.9 0 1359.2 880.9 0 1359.2
7 978.99 0 1447.5 | 978.99 0 1447.5
8 1146.3 0 1260.7 | 1146.3 0 1260.7
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4.6 Summary

After the detailed study, it can be concluded that forward kinematic study of a robotic
manipulator having spatial links is possible only with the help of dummy frames. Without
using the dummy frames, results were not matching with the physical prototype. But the
concept of dummy frames changed the results and the results are in accordance with the
physical prototype. So, a new concept of dummy frames has been introduced in this

chapter.

55



Chapter-5

Trajectory Tracking of the 5S-DOF Spatial

Manipulator

5.1 Introduction

Kinematic study of spatial manipulator is done in the previous chapter. Proximal variant of the
D-H parameter method is used to solve the forward kinematics of the spatial manipulator.
Trajectory tracking is one of the most important tasks for a robotic manipulator. As it is not an
easy task to control the robot to follow a certain path. In this Chapter, main focus has been put
on the trajectory tracking. The spatial manipulator is controlled in such a way that it follows
the straight line as defined by user. For this purpose, a software names SimWise 4D has been

used.
5.2 Trajectory Tracking

To make the robot follow a specified path is called trajectory tracking. In literature, methods
like Joint Space Scheme has been used for trajectory tracking of the robots. In this chapter,
trajectory tracking is done with the help of a software known as SimWise 4D. The spatial
manipulator is made to follow a straight line in this chapter. At first, basic concepts of SimWise
4D are discussed and then trajectory tracking is done later on. The process starts with importing

the 3D model in to the SimWise 4D.
5.2.1 Importing the 3D Model

The process starts with importing the 3D model in to the SimWise 4D environment. There are
options in SimWise 4D to import a 3D model directly from Solidworks, PTC Creo and Inventor.
From other software, 3D model can be imported through IGES file. One thing that need to be
taken care is that the assembly and parts should be present in the same folder of the computer,
otherwise SimWise 4D will not show the parts in its environment. There is one more option in
SimWise 4D, the most convenient one, using this option the whole assembly can be built in

SimWise 4D itself. This option gives most accurate results and is very simple to use.
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Fig. 5.1: Spatial Manipulator in SimWise 4D environment.

Fig. 5.1 shows the 3D model of the spatial manipulator, assembled in SimWise 4D. All the links
of the spatial manipulator are clearly visible in the Fig. 5.1. This is the same manipulator which
was discussed in the previous chapter for kinematic analysis. All the parts are imported
separately in the SimWise 4D environment and assembled in the SimWise 4D itself. There are
some options present in the SimWise 4D to give different kind of joints between the links.

Required joint types are selected and assembled to form the spatial manipulator.
5.2.2 Assigning the Coordinate Frames

After importing the 3D model to the SimWise 4D, next step is to assign the coordinate frames
to all links. The coordinate frames are assigned in order to assign meters (measuring tool in

SimWise 4D) at required points. On the spatial manipulator, meters are placed at all the links.
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Fig. 5.2: Frame assignment to Manipulator in SimWise 4D environment.

Fig. 5.2 shows the screenshot of the SimWise 4D environment. An option to insert frame is

given in the taskbar at the top. Using this option, coordinate frames are inserted at every link

of the spatial manipulator.
5.2.3 Inserting Meter

In SimWise 4D, meters are inserted at required points for different kind of measurements. An
option of meter is given in the Insert menu. Using this tool, a meter can be inserted at any point.
A meter tool in SimWise 4D can be used to measure position, velocity, acceleration, linear
momentum, orientation, angular velocity, angular acceleration, displacement, force, torque etc.
Here, meter tool is used to measure the position and orientation of all links. Meter tool gives
the output in form of either a graph or digital form. This data can be copied to an excel sheet
by using simple copy paste commands. The meters located at all the links will give data
regarding the positions of the all the links at any particular time. This data is then used to make
a MATLAB code with the help of which, spatial manipulator will trace the required trajectory.
Two meters are assigned at every link, one for the position and another for the orientation of

the spatial manipulator.
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In Fig. 5.4, all the meters inserted in the model are shown. At each position, meters are inserted
to measure the position and orientation of the links. In Fig. 5.5 and 5.6, Initial and Final

positions of the end effector is shown.
5.2.4 Trajectory Following

As shown in Fig. 5.5, a straight line is drawn in Red color. This is the required trajectory for
the spatial manipulator to follow. First the Manipulator is moved on the desired trajectory, by
using SimWise 4D. Using the SimWise 4D, position records of every link at particular period
of time has been created, with frequency of 1 second. Table 5.1 shows the position record of

meter attached at link 1.

Table 5.1: Position record of Meter 1

fs‘;‘:;‘ X(mm) | Y(mm) Z(mm)
1 0.00 0.00 1682.89
2 0.00 0.00 1682.25
3 0.00 0.00 1680.34
4 0.00 0.00 1677.15
5 0.00 0.00 1672.66
6 0.00 0.00 1666.86
7 0.00 0.00 1659.71
8 0.00 0.00 1651.21
9 0.00 0.00 1641.33
10 0.00 0.00 1630.04
11 0.00 0.00 1617.34
12 0.00 0.00 1603.21
13 0.00 0.00 1587.64
14 0.00 0.00 1570.61
15 0.00 0.00 1552.11
16 0.00 0.00 1532.15
17 0.00 0.00 1520.53
18 0.00 0.00 1520.50
19 0.00 0.00 1520.46
20 0.00 0.00 1520.42
21 0.00 0.00 1520.39
22 0.00 0.00 1520.35
23 0.00 0.00 152032
24 0.00 0.00 152028
25 0.00 0.00 152025
26 0.00 0.00 152021
27 0.00 0.00 1520.17
28 0.00 0.00 1520.14
29 0.00 0.00 1520.10
30 0.00 0.00 1520.07
31 0.00 0.00 1520.03
32 0.00 0.00 1520.00
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33 0.00 0.00 1519.96
34 0.00 0.00 1519.92
35 0.00 0.00 1519.89
36 0.00 0.00 1519.85
37 0.00 0.00 1519.82
38 0.00 0.00 1519.78

It can be observed that the reading of positions in X and Y remain constant, but in
direction of Z, it decreases with time. While the orientation which is in degrees, remain

constant for all 38 units of time.

Table 5.2: Path and Orientation record of Meter 2

fs‘:c‘f X(mm) Y(mm) | Z(mm)
1 174.00 0.00 1722.89
2 174.00 0.00 1722.25
3 174.00 0.00 1720.34
4 174.00 0.00 1717.15
5 174.00 0.00 1712.66
6 174.00 0.00 1706.86
7 174.00 0.00 1699.71
8 174.00 0.00 1691.21
9 174.00 0.00 1681.33
10 174.00 0.00 1670.04
11 174.00 0.00 1657.34
12 174.00 0.00 164321
13 174.00 0.00 1627.64
14 174.00 0.00 1610.61
15 174.00 0.00 1592.11
16 174.00 0.00 1572.15
17 174.00 0.00 1560.53
18 174.00 0.00 1560.50
19 174.00 0.00 1560.46
20 174.00 0.00 1560.42
21 174.00 0.00 1560.39
22 174.00 0.00 1560.35
23 174.00 0.00 1560.32
24 174.00 0.00 1560.28
25 174.00 0.00 1560.25
26 174.00 0.00 1560.21
27 174.00 0.00 1560.17
28 174.00 0.00 1560.14
29 174.00 0.00 1560.10
30 174.00 0.00 1560.07
31 174.00 0.00 1560.03
32 174.00 0.00 1560.00
33 174.00 0.00 1559.96
34 174.00 0.00 1559.92
35 174.00 0.00 1559.89
36 174.00 0.00 1559.85
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37 174.00 0.00 1559.82
38 174.00 0.00 1559.78

These position records are saved for all the links. Table 5.3 shows the meter readings

at joint between links L2 and L3.

Table 5.3: Path and Orientation record of Meter 3

fsl:cl)e X(mm) Y(mm) Z(mm)
1 493.85 9.93 1717.89
2 493.83 10.54 1717.25
3 493.76 12.37 1715.34
4 493.63 15.39 1712.15
5 493.40 19.56 1707.66
6 493.04 24.81 1701.86
7 492.48 31.11 1694.71
8 491.69 38.36 1686.21
9 490.60 46.51 1676.33
10 489.15 55.49 1665.04
11 487.28 65.22 1652.34
12 484.93 75.63 1638.21
13 482.04 86.68 1622.64
14 478.53 98.29 1605.61
15 474.35 110.41 1587.11
16 469.43 122.98 1567.15
17 466.37 130.08 1555.53
18 466.36 130.10 1555.50
19 466.35 130.12 1555.46
20 466.34 130.14 1555.42
21 466.33 130.16 1555.39
22 466.32 130.18 1555.35
23 466.31 130.20 1555.32
24 466.30 130.23 1555.28
25 466.29 130.25 1555.25
26 466.28 130.27 1555.21
27 466.27 130.29 1555.17
28 466.26 130.31 1555.14
29 466.26 130.33 1555.10
30 466.25 130.36 1555.07
31 466.24 130.38 1555.03
32 466.23 130.40 1555.00
33 466.22 130.42 1554.96
34 466.21 130.44 1554.92
35 466.20 130.46 1554.89
36 466.19 130.48 1554.85
37 466.18 130.51 1554.82
38 466.17 130.53 1554.78
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Table 5.4 shows the meter readings at joint between L3 and L4. These readings indicate
the movement of the links. Similarly, positions for all the links are stored in tabular
form. Once these positions are stored, can be used to program the Manipulator to follow

the same path.

Table 5.4: Path and Orientation record of Meter 4

r{sl:cl;: X(mm) Y(mm) Z(mm)
1 629.99 -94.58 1527.27
2 629.88 -94.09 1526.63
3 629.53 -92.63 1524.72
4 628.93 -90.22 1521.53
S 628.06 -86.87 1517.04
6 626.88 -82.63 1511.23
7 625.38 -77.51 1504.09
8 623.50 -71.57 1495.59
9 621.21 -64.84 1485.71
10 618.47 -57.37 1474.42
11 615.23 -49.19 1461.72
12 611.46 -40.34 1447.59
13 607.11 -30.86 1432.02
14 602.14 -20.79 1414.99
15 596.51 -10.16 1396.49
16 590.17 1.00 1376.53
17 586.36 7.35 1364.91
18 586.35 7.37 1364.87
19 586.34 7.39 1364.84
20 586.32 7.41 1364.80
21 586.31 7.43 1364.77
22 586.30 7.45 1364.73
23 586.29 7.47 1364.70
24 586.28 7.49 1364.66
25 586.27 7.51 1364.62
26 586.25 7.52 1364.59
27 586.24 7.54 1364.55
28 586.23 7.56 1364.52
29 586.22 7.58 1364.48
30 586.21 7.60 1364.45
31 586.19 7.62 1364.41
32 586.18 7.64 1364.37
33 586.17 7.66 1364.34
34 586.16 7.68 1364.30
35 586.15 7.70 1364.27
36 586.14 7.72 1364.23
37 586.12 7.74 1364.20
38 586.11 7.76 1364.16
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Table 5.5: Path and Orientation record of Meter 5

fs‘::)e X(mm) Y(mm) Z(mm)
1 777.77 207.32 1290.93
2 777.54 2206.97 1290.30
3 776.86 205.94 1288.39
4 775.73 204.22 1285.19
5 774.12 201.81 1280.70
6 772.03 _198.73 1274.90
7 769.43 -194.96 1267.75
8 766.30 ~190.53 1259.25
9 762.64 _185.43 1249.37
10 758.41 _179.68 1238.08
11 753.61 “173.27 1225.39
12 748.20 _166.22 1211.26
13 742.18 _158.54 1195.68
14 735.53 _150.23 1178.65
15 728.23 _141.30 1160.16
16 720.27 13177 1140.21
17 715.59 _126.26 1128.59
18 715.58 _126.24 1128.55
19 715.56 -126.23 1128.52
20 715.55 12621 1128.48
21 715.53 12619 1128.45
22 715.52 _126.18 1128.41
23 715.50 _126.16 1128.37
24 715.49 _126.14 1128.34
25 715.48 _126.12 1128.30
26 715.46 _126.11 1128.27
27 715.45 ~126.09 1128.23
28 715.43 _126.07 1128.20
29 715.42 -126.06 1128.16
30 715.40 -126.04 1128.12
31 715.39 _126.02 1128.09
32 715.38 _126.01 1128.05
33 715.36 ~125.99 1128.02
34 715.35 _125.97 1127.98
35 715.33 _125.96 1127.95
36 715.32 _125.94 1127.91
37 715.30 _125.92 1127.87
38 715.29 _125.91 1127.84

Table 5.5 shows the meter readings at joint between L4 and LS. Table 5.6 shows the

meter readings at joint between L5 and L6. All the dimensions and readings are in mm.
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Table 5.6: Path and Orientation record of Meter 6

rfsl:cl; X(mm) Y(mm) Z(mm)
1 768.11 -180.36 999.70
2 767.83 -180.08 999.06
3 766.99 -179.23 997.13
4 765.58 -177.82 993.92
S 763.61 -175.83 989.41
6 761.06 -173.27 983.57
7 757.92 -170.11 976.40
8 754.19 -166.36 967.86
9 749.86 -161.99 957.94
10 744.91 -157.02 946.63
11 739.35 -151.42 933.91
12 733.17 -145.20 919.76
13 726.35 -138.34 904.17
14 718.91 -130.84 887.13
15 710.82 -122.71 868.63
16 702.10 -113.93 848.68
17 697.02 -108.82 837.06
18 697.00 -108.80 837.02
19 696.99 -108.79 836.99
20 696.97 -108.77 836.95
21 696.96 -108.76 836.91
22 696.94 -108.74 836.88
23 696.93 -108.73 836.84
24 696.91 -108.71 836.81
25 696.90 -108.69 836.77
26 696.88 -108.68 836.74
27 696.86 -108.66 836.70
28 696.85 -108.65 836.66
29 696.83 -108.63 836.63
30 696.82 -108.62 836.59
31 696.80 -108.60 836.56
32 696.79 -108.58 836.52
33 696.77 -108.57 836.49
34 696.76 -108.55 836.45
35 696.74 -108.54 836.41
36 696.72 -108.52 836.38
37 696.71 -108.51 836.34
38 696.69 -108.49 836.31

Using the above data obtained from SimWise 4D, a MATLAB code was prepared to
check the validity of these points. The code prepared in the MATLAB gives the output, which
is visually similar to the motion planned in SimWise 4D. Fig. 5.7 shows the motion of the
spatial manipulator in MATLAB. Here, position of the robot is demonstrated at some time
intervals. Main objective is to check whether the positions obtained by SimWise 4D are correct

or not.
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Fig. 5.8: Trajectory followed by Spatial Manipulator in MATLAB: Y-Z plane view.

As shown in Fig. 5.8, the same trajectory is followed by the MATLAB code. In this
way, any trajectory, if possible can be planned using the SimWise 4D.

5.4 Summary

This chapter shows how the position of different links of spatial manipulator is calculated,
using SimWise 4D, which later on used to plan a straight line trajectory for the end effector. By
observing the above tabular data and the MATLAB output, it can be said that the positions
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given by SimWise 4D are correct. So, SimWise 4D has been successfully used for trajectory

tracking for spatial manipulator.

It can further be used to avoid any obstacle in the way of the trajectory. This property of

SimWise 4D can be very useful in automation industries, medical surgeries etc.
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Chapter 6

Conclusions and Future Directions

6.1 Conclusions

From the current work, the following conclusions can be drawn:

6.2

From literature review, it can be concluded that D-H parameter, along with its variants,
distal and proximal is the most widely used method to study the kinematic analysis of
a robot. However, it is applicable to open-loop serial manipulators only. Also, D-H
Parameter method is computationally much better than all other methods discussed by
various authors. Among the original D-H, distal D-H and proximal D-H, distal D-H
Parameter method is the most popular one.

For a spatial manipulator, an ambiguity has been discussed in D-H parameter method,
which was later on removed by doing an improvement in the proximal variant of D-H
Parameter Method. The improvement is made by using the concept of dummy frames.
The introduced concept removes the inconsistency in D-H parameter method, observed
during the kinematic study of spatial manipulator.

Trajectory tracking of a spatial manipulator is done with the help of SimWise 4D.

Future Directions

Now days, robotics is involving itself in almost all the fields of human interest. So, apart from

what has been studied in this thesis, lot of future work is possible in this direction Let us discuss

some of the possible work, which can be done in near future.

The work present in this thesis is limited to the kinematic study only, which can be
extended for the dynamic study of robotic manipulators.

The work proposed here was limited up to only trajectory tracking. It can further be
extended to trajectory tracking with obstacle avoidance. A control system can also be
designed to control the manipulator by using SimWise 4D. Acceleration, velocity etc.
of the manipulator can also be controlled, which can increase the degree of automation

in existing manual systems.
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e Trajectory tracking with obstacle avoidance has lot of applications in industries like
automation systems, civil industries, medical surgeries etc. Any system can be designed

using SimWise 4D, which can be very helpful in above mentioned industries.
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