
CHAPTER 1 

Introduction of the Simulator Design 

The simulation is a powerful visualizing, planning, and strategic tool in different areas of 

research and development. And it plays a very important role in robotic manipulator 

designing. The simulator facilitates the study of the structure, characteristics, motion and 

the behavior of robot manipulators at different levels of details each posing requirement 

for different simulation tools. As the complexity of the motional behavior increases, the 

role of simulation becomes more and more important. The robotic kinematic algorithms 

and their numerical solutions are quite complex to understand the characteristic and 

behavior of the robotic manipulators in the actual environment. The easiest way to 

understand the motional behavior is to visualize the exact model of robotic manipulator 

and its characteristics. Hence, the simulation tools can certainly enhance the design, 

development, and even the operation of robotic manipulators. 

Augmenting the simulation with visualization tools and interfaces, one can simulate the 

operation of the robotic systems in a very realistic way. Depending on the type of 

application different structural attributes and functional parameters have to be modeled. 

Therefore, a variety of simulation tools have been developed for the robotic manipulators 

that are used in mechanical design. 

A robotic manipulator is designed to perform a task in the 3D space. The tool or end-

effector is required to follow a planned trajectory to manipulate an object or carry out the 

task in the working space. This requires control of position of each link and joint of the 

manipulator to and orientation of the tool. To program the tool motion and joint -link 

motions, a mathematical model of the manipulator is required to refer to all its 

geometrical and time based properties in the motion. 
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Kinematics is the study of motion without regard to the force which causes it; within the 

kinematics one studies the position, velocity and acceleration and all higher order 

derivatives of the position and variables. The kinematics of manipulator involves the 

study of the geometrical and time based properties of the motion and in particular how 

various links move with respect to one another. 

1.1 Background of the requirement 

In order to perform tasks on different manipulator platforms, a kinematics model has to 

be developed for each one of them. Because the equations can become too cumbersome 

to deal with manually when the robots have more than just several joints, a method is 

needed to automate the formation of the kinematics model. Industrial robots are usually 

developed for specified pre-determined tasks. Therefore the requirement of arms 

combination and configuration are different. The manipulator arm configurations, along 

with equations needed for the manipulator arm motion, are determined and solved during 

robot development stage. This limits the robot to the prescribed tasks and to no other. 

However, for robots that must adapt to their environment or perform a wide range of 

tasks, a method is manipulator arm to adapt to changes in joint space & Cartesian space 

Changes to the equations (Jacobian and kinematics expressions). They are required when 

something changes the geometry of the manipulator arm such as when a tool is added to 

the end-effector. In order to accommodate to different manipulator platforms and to 

provide for tool acquisition, a method is needed to automate the formation of the 

kinematic model that eliminates manual calculation processes. 

1.2 Problem statement 

Robots are an integral part of today's industrial scenario. As a result, simulation has 

evolved as a major tool in the programming and the designing of robots. Simulation in 

this sense includes actually having a computer draw conclusions about the workings of a 

system. These conclusions are derived from the knowledge already available about the 

system in question. It is, in effect, a knowledge based process that utilizes the information 
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stored about a particular system in the database to predict its response to various 

situations. Robot simulator is the collection of computer programs and related 

information that is developed, marketed, manufactured and sustained for industrial robots. 

Consequently, the software for industrial robots is best seen from three points of view: 

operation; application; and manufacturing. 

The existing simulators are developed with certain limitations and no simulator designer 

has given a total solution (i.e. robotic motion, dynamic characteristic changes , trajectory 

planning and controlling) for the different manipulator designing platforms. And also 

lots of accurate simulators are already developed with the pre-defined commercial 

manipulators. (E.g. Robware for the ABB manipulators) They are very expensive and 

they can not simulate with the other manipulators. For example if any user who wants to 

add an extra link or change the link parameters (i.e. Joint type, Joint variables or 

maximum limits) they do not have facilities to change it on this simulator. 

The other simulators are study versions (e.g. Robotica) and they can not be used for 

industrial application. Major weaknesses of these simulators are, they disregard the 

dynamic constraints and the manipulator controlling. Then the simulators can not be used 

for the actual manipulator platform. The table 1.1 is explains some of the simulators and 

their features. 

Almost all simulators are developed for the rion- redundant manipulators. The reason for 

this is most of the practical manipulators are developed with the non-redundant base. 

Therefore the simulator designers are interested in doing their products on the non-

redundant base. But now a days lots of researchers are interested to do a research on the 

redundant base manipulators. Therefore today the requirements of the simulator are 

strongly feel for the universal manipulator. 

The MATLAB robotic tool box [6] by Peter I. Corke has given some kind of solution on 

this matter. But it is not a simulator. He has given a tool that can support to develop 

robotic manipulator in the Cartesian space and the joint space both. If any one wants to 
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develop the robotic manipulator on this platform he should study all the tool and 

functions that have been provided in this tool box. In the MATLAB robotic tool box, 

there are fifty seven tools and hundreds of functions available.[7] Then the manipulator 

designers should study all these tools and functions on his manipulator. And the other 

problem is, there is no logical way to array these tools. Therefore lots of bugs and 

deficiencies come in the programming process. As a result of this the manipulator 

designer has to waste a lot of time to meet with these challenges. 

1.3 Available simulators 

The most famous robot simulators and their features are as follows. This resource has 

been provided by the university of Essex U.K.[11]. The aim of this documentation 

attached to this thesis is to understand the available simulators and their features. These 

features are most important to develop the simulator for the universal manipulator. 

1. EASY-ROB by Stefan Anton is a commercial Robot Simulation Tool with 3D graphic 

and animation [11]. The user can design a robot kinematic, move the robot in joint and 

Cartesian space, write a motion program, grab and release some thing, etc. A simple 3D-

CAD System allows creation of basic elements such as block, cylinder, pyramid, cone 

and sphere in order to model a robot, tool and bodies. The user can rotate and translate 

the world view, zoom in and out and do a lot more. No additional graphic power is 

required. But this simulator is based on kinematic. Dynamic behavior of the robotic 

manipulator is not taken into account. 

2. Encarnaco Robot Simulator by Luiz Felipe Rudge Encarnacao is a robot simulation 

that provides a full 3-Dimensional environment (wire frame graphics) with one fully 

moveable robot (5 axis)[l 1]. Control can be exercised via high level control mechanisms 

(i.e. grab, move and placing objects) or manually directed from the keyboard. There are 

several possible views (2 display areas and 15 possible virtual cameras). A camera can be 

placed in one "aeroplane" (i.e. allowing the user to "fly it" and use the resulting 

4 



perspective as their view). With a mouse you point & click on an object and to make the 

robot grab it. Another click on some possible local will cause the robot to place the robot 

there. With keyboard you can control all parts of the robot and fly the "aeroplane". It runs 

on MS Windows 3 or above. 

3. MATLAB Robotic Toolbox by Peter I. Corke [6]. The Toolbox is based on a very 

general method of representing the kinematics and dynamics of serial-link manipulators. 

But there is no direct simulating facility. There is tools to develop the robotic 

manipulator. These parameters are encapsulated in MATLAB objects and it provides 

many functions that are useful in robotics including such things as kinematics, dynamics, 

and trajectory generation. The Toolbox is useful for simulation as well as analyzing 

results from experiments with real robots. But the reverse kinematic can not solve all type 

of non-redundant manipulators. The tool box designer (Peter I. Corke) has provided the 

close from reverse kinematic solution for standard manipulators like PUMA 560 , 

Stanford arm. 

4. Melbourne-Robots is a robot simulator written by undergraduates Andrew Conway and 

Craig Dillon on a Silicon Graphics workstation for their electrical engineering project at 

the University of Melbourne [11]. There is a latest user manual (inc. the mathematics) but 

not much in the way of installation instructions (ftp address no longer valid). 

5. Robotica is a collection of robotics problem solving functions for the Mathematica 

package [12]. This is the study pack for robotic student. It has the capability of reading 

external simulation (e.g., SIMNON) output files and displaying the motion of the robot 

when subjected to the sequence of joint variables. It requires Mathematica and X-

windows. 
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6. Simderella is a popular simulator that was released to the world in 1993 by Patrick van 

der Smagt of the University of Amsterdam [11]. It came out of his research into neural 

networks and robot control. But this is developed for 6 axis manipulator. The original 

software consisted of three programs, connel: the controller, simmel: the simulator, 

bemmel: the X-windows oriented graphics back-end. Simmel is the part which actually 

simulates the robot. It performed matrix multiplications, based on the Denavit Hartenberg 

method & calculated velocities with the Newton-Euler scheme. But this simulator is 

designed for the non-redundant manipulator. These theories are not valid for the universal 

manipulators. 

To compare the above simulating tool, no one has given a unique solution to the 

manipulator designers. Among these software tools, MATLAB tool box is one of the 

most used platforms for the modeling and simulation of various systems. But it is not a 

direct simulator. There are tools and functions to develop the manipulator simulation. It is 

a time wasting method and lots of bugs and deficiencies should be solved during the 

programming process. And also it is unable to give a total solution for the reverse 

kinematic and also the controlling of the system has been disregarded. 

1.5. Aims and objectives 

The Overall aim of the project is to give a complete solution to simulator users for 

rectifying the above weaknesses of the existing manipulators. In this scenario the 

developed simulator is the total solution for the universal serial manipulators. The final 

solution is combination of forward & reverse kinematic, dynamic solution, trajectory 

planning and manipulator controlling. But in this thesis only the kinematic behavior of 

this simulator is discussed. The 3D graphical interface is ideal to avoid the difficulties of 

programming and overcoming the bug fixing while in the programming. The graphical 

way is the easiest method to visualize the manipulator geometric in the Cartesian space 

and the joint space and behavior of the manipulator in the actual environment. To 

improve the functionality of the program and correct sequence is important to reduce the 
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processing time. Designing the correct sequence to process the program is one of the 

objectives in this project. 

Major objective of this project is designing the correct simulating tool for universal serial 

link manipulator. The new concept of this is to design any degree of freedom for serial 

link manipulator with any link combination and features. And the other aim of this thesis 

is to find a correct kinematic module supportive to the simulating requirement for the 

universal simulator. In these phenomena, the kinematic modeling of the project supports 

the study of the geometric and time based properties of the motion, and in particular how 

the various links move with respect to one another. Under this aspect, solving the forward 

and the inverse kinematic is essential to develop the kinematic algorithm to software 

coding. 

1.6 Literature survey 

Valuable support was provided by the Literature survey to direct this project in the 

correct direction. There are so many techniques used to solve the robotic manipulator 

kinematic and depending on the applicability, their capabilities are different form the 

different platform. Therefore the literature survey played a vital role to find the adaptive 

method for the required simulator application with great efficiency. Hence the literature 

survey is done to find the algorithms for the forward kinematics and the reverse 

kinematics. They are as follow, 

1.6.1 Forward kinematics modeling for the universal manipulator 

The forward kinematic directly supports to find the position and orientation of the link of 

the design manipulator. The Potential difference in the simultaneous links positions are 

used to draw the link in the 3D interface. There are several methods available for forward 

kinematic modeling to understand the motion without respect to force. They are as 

follows, 
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1. Artificial intelligent application 

2. Matrix method of the systematically assigning the co-ordinate systems.(D-H 

Parameter) 

The Artificial intelligent application like Genetic algorithm & Artificial Neural network 

[17] is ideal and accurate for the fixed manipulator. When it is used for the universal 

model different RP combination are provided. Then modeling is very difficult and 

mathematically complex. Then it is more time consuming while in the simulating 

operations. Therefore it is not suitable for the on-line application. 

Solvability matrix method of systematically assigning the co-ordinate system is the 

mathematically elegant and also it is the fastest. Therefore this method is used to solve 

the forward kinematics. 

For forward kinematic modeling, frames are assigned to each link of the manipulator 

starting from the base to the end-effector. The homogeneous transformation matrices 

relating the frame attached to successive links describe the spatial relationship between 

adjacent links[4]. The composition of these individual transform matrices determines the 

overall transform matrix, describing tool frame with respect to base frame. 

The task to be performed by a manipulator is stated in terms of the end-effector location 

in space. The values of joint variables required to accomplish the task are computed using 

the inverse kinematic model. To find the location in space, at any time, the joint variable 

values are substituted in the forward kinematic model. This chapter 4 describes the 

problem of formulation of forward kinematic model. The inverse kinematic model 

formulation will be discussed in the chapter 5. 

1.6.2 Alternative Methods of Inverse kinematic solutions 

There are several possibilities to approach the inverse kinematic problem IK. Most of 

these approaches are based on some sort of search technique [9]. 
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Algebraic approach: this approach is necessary, if one wants to calculate all possible 

solutions of the IK problem [5]. Given a specified linkage, one solves the forward 

kinematics problem explicitly. This in general leads to a set of nonlinear algebraic 

expressions in the state variables of the linkage. Given an end-effector position, the 

problem now is to algebraically solve this system of equations for the unknown state 

variables. Although it is theoretically possible to solve these using symbolic computation 

techniques, it is generally beyond today's computing power. Nevertheless, there exist 

some successful algebraic approaches for a few types of linkages. 

Neural networks: recently, [10] an increasing number of neural network approaches have 

been suggested in the area of robotics. Since this requires teaching the linkage and thus 

highly depends on its actual geometry, these approaches are not very useful for 

simulation purposes. 

Genetic programming and genetic algorithms:[ 10] due to steadily increasing computing 

power these techniques get more and more interesting in the area of Computer Animation 

especially when it comes to highly complex virtual environments. Genetic algorithms are 

directed search algorithms which try to find the solutions by mimizing the natural process 

of evolution. Currently, however, this approach is useless in VRML since today's 

browsers are not capable of providing the computing power necessary to achieve 

anything near real-time. 

Graphical analyzing method: In the closed form solution, [9] joint displacement are 

determined as explicit functions of the position and orientation of the end-effectors and 

also the solution method based on the analytical algebraic or kinematics approaches, 

giving expressions for solving unknown joint displacements. In this project, the 

requirement of inverse kinematics solving is to find joint variable by using the user 

defined trajectory Cartesian space. The inverse kinematics approach of this project is to 

find the joint variable for the universal manipulator model. In the universal manipulator 

model inverse kinematic techniques should be defined for any kind of degree of freedom 

(DOF) with any joint combinations (revolute, prismatic joint combination). 
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Jacobian based approach: [30] one idea which proves to have the highest efficiency for 

most industrial applications is based on the so-called manipulator Jacobian. Roughly 

speaking the manipulator Jacobian is a matrix which describes the relationship between 

joint and end-effector velocities. Given the velocity of the end-effector, the Jacobian 

allows to recalculate the corresponding joint velocities simply by solving a system of 

linear equations. This can be used to deduce a gradient-based iterative technique for 

solving IK. 

The fist four solutions may not be possible to solve all type of manipulators for the online 

simulation bases. A sufficient condition for non-redundant manipulator to possess close 

form solution is that both its three consecutive joint axes interest and its three consecutive 

joint axes are parallel and also the solving method & techniques are different from 

manipulator to manipulator. Therefore the first four methods of solution techniques are 

very difficult to model for these types of application. 

The Jacobian based approach is the interesting and efficient method and it can easily 

model by using the computer application. But generally, there are four methods to solve 

the inverse kinematics. Then the next challenge is to find the most suitable method to 

solve the inverse kinematic of this project. Each and every method of Jacobian base 

solutions has different kinds of advantages and disadvantages. They are as follows. 

1.6.3 Jacobian based numerical solution 

The interactive algorithms are used to reverse kinematic in the Jacobian based solutions. 

Various types of Jacobian methods can be used to solve the inverse kinematics in 

different manipulators with different limitations [11]. And also there is no limitation for 

non redundant and it can be used for redundant and non-redundant both. The Jacobian 

base solutions are not actuated compared to the close form solutions but they can solve 

for the universal type by using various techniques and it is very efficient. The most 

common methods are, 
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1- Jacobian Transpose 

2- Jacobian Pseudo inverse 

3- Damped Least Squares methods 

Jacobian transpose is the fastest method and it can be applied for any kind of degree of 

freedom but the results suffer in the singularity area and the degenerate case. The 

Jacobian transposes method and the optimization-based Newton- Raphson technique can 

stop in local minima. Therefore the interactive solution may not converge in those areas. 

But the Taylor series expression can be used to solve the inverse kinematic on this region 

[13]. Pseudo inverse have also the same problem on the singularity and degenerate case 

and it is more accurate. But there are lots of arguments to solve the inverse kinematics in 

non-redundant manipulator and also it is a very difficult model for different RP (revolute, 

prismatic) combinations. 

The damping least square method is well behaved near the singularity. But it is very 

difficult to model for the different RP combination and the convergence rate is too slow. 

Therefore this is not suited for the on-line application. 

The Jacobin transpose is the best method to solve this simulator inverse kinematics 

because it is faster and efficient than the others. But the direct result does not guarantee in 

near singular region and degenerate case. Therefore it should converge by using Newton-

Raphson techniques [30]. In the singular region Jacobin transpose is not valid. Then the 

Taylor series can be used to solve the reverse kinematics 
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