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Abstract 

 

There are many robots used in the industry today. Articulated robots are one of many robot 

configurations used in the industry. Building and controlling one of these robots requires skill 

and experience. This report includes the methods used to design and control a 3 Degree Of 

Freedom articulated robot with a 1 Degree of Freedom gripper. This robotic arm has the function 

to pick and place objects. First the robot was designed, assembled and then it was programmed to 

be controlled using Arduino microcontroller and a User Interface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

Table of Contents 
 

 

Chapter Title Page 

   

 Title Page i 

 Acknowledgements ii 

 Abstract iii 

 Table of Contents iv 

 List of Figures v 

 List of Tables vi 

 List of Abbreviations vii 

   

1 Introduction                     1 

 1.1   Background Information  1 

 1.2   Statement of problems                    2 

 1.3   Objective                    3 

 1.4   Scope of the Study                    4 

 1.5   Organization of the Study                    4 

   

2 Literature  Review 5 

 

3 

 

Methodology 

 

7 

 3.1   Design 7 

 3.2   Mechanism 

3.3   Assembly 

3.4   Workspace of the Robot 

3.5   Forward Kinematics of the Robot  

3.6   Inverse Kinematics of the Robot 

3.7   Payload Calculation 

3.8   Electronic Design and Implementation  

3.9   Programming 

 

 

9 

15 

18 

18 

20 

21 

22 

30 

 

 
   

4 Results and Discussion 36 

 4.1   Forward Kinematics/Angular Control of the Robot 

4.2   Inverse Kinematics/Coordinates Reached 

 

36 

37 

 

5 Conclusion and Recommendations 38 

   

 References 40 

  

Appendix                                

 

                                                                             

 

41 

 



v 

 

List of Figures 
 

Figure Title Page 

   

1.1 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6     

3.7 

3.8 

3.9 

3.10 

3.11 

3.12 

3.13 

3.14 

3.15 

3.16 

3.17 

3.18 

3.19 

3.20 

3.21 

3.22 

3.23 

3.24 

3.25 

3.26 

3.27 

3.28 

3.29 

3.30 

3.31 

3.32 

3.33 

3.34 

3.35 

3.36 

3.37 

3.38 

3.39 

 

Production line using articulated robots 

Initially proposed mechanism 

The final robot after the assembly 

Matlab Forward Kinematics using Robotics toolbox 

Link 1 

Link 2 

Base Plate 

Stand 

Stand with fixed Rollers 

Gripper with servo mounted 

Gripper attached to link 2 

Two links attached together 

Second motor connected to the first link and a potentiometer 

Base plate after Extension 

Stand aluminum sheet extended 

Motor fixed to stand 

Rollers fixed to stand 

Baseplate connected to the rotor 

Motor 2 fixed to the base plate 

Link 1 and Link2 fixed together 

Completed view after assembling 

Workspace of the robot 

DC Gear Motor with Encoder 

DC motor used as second motor 

Encoder signal in oscilloscope 

Cosmos RV30YN potentiometer 

Op Amp Circuit figure 

Picture of IC’s used in the circuit 

Connections of the encoder channels 

Arduino Mega 

DC OPTO Driver 

DC Motor Driver 

Power pack used to power motor 2 

Power supply used to power motor 1 and 2 

1N5401 diode 

7805 IC 

Overall circuit diagram 

PID loop for 1 motor 

Arduino program flow chart 

User Interface created using Visual Basic 

1 

7 

8 

8 

9 

10 

10 

11 

11 

12 

12 

13 

14 

14 

15 

15 

16 

16 

16 

17 

17 

18 

22 

23 

23 

24 

24 

25 

26 

26 

26 

27 

28 

28 

28 

29 

29 

30 

34 

34 

 

 



vi 

 

List of Tables 

 

Table   Title                                                                                                                  Page 

3.1        DH Parameters of the robot                                                                                18 

3.2        LM324 Pin Description                                                                                      25 

3.3        Motor Driver logic table                                                                                     27 

4.1        Anugular Control Results                                                                                   36 

4.2       Inverse Kinematics based control results                                                            37 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

List of Abbreviations 

 

                   DOF                       Degree of Freedom     

                   RC SERVO            Radio Control Servo 

                   Op Amp                  Operational Amplifier 

                   IC                            Integrated Circuit 

 

 



Chapter 1  

Introdution 

 

1.1 Background Information 

Articulated robots are widely used in industrial applications. Articulated robots are created to 

replace human labor for repetitive tasks or dangerous tasks. Most of the robots used in the 

industry are of articulated configuration.  

 

Figure 1.1: Production line using articulated robots 

Pick and Place robots are widely used in the production lines with repetitive tasks. A human 

doing the same work will be inefficient and mentally disturbed due to repetitiveness of the task. 

A robot does not take sick days and breaks. A robot is an ideal replacement for labor. One of the 

problems with robot is the inability to make quick discussions like humans can. If a good 

program is written covering all plausible scenarios then a robot can be similar to a human.  

Robots used in the industry are named industrial robots and are defined as automatically 

controlled, reprogrammable, multipurpose manipulator programmable in three or more axes. 

Typical applications of industrial robots include welding, painting, assembly and pick and place. 

Most commonly used robot configuration are SCARA, articulated and Cartesian coordinate 

robots.  

There are also much smaller scale robots used in laboratories and other non-industrial 

applications. This project designed and implemented an articulated robot with end effector and 

the ability to pick and place items. The robot has 3 revolute joints and an end effector. All the 3 
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revolute joints will be driven by 2 geared dc motor with an attached encoder and a DC motor 

attached to a linear potentiometer for position feedback. 

The project includes design and building of the articulated robot and the electronic circuit 

building and control of the articulated robot. The main focus of this project was to build an 

articulated robot and control the robot.  

The design of the robot was determined by the motor specifications and weight requirements of 

the robot. Forward kinematics gives the current configuration of the robot and inverse kinematics 

gives the angles of the revolute joints so that the end effector can reach a predetermined position. 

Sometimes inverse kinematics is used for path planning since there are infinitely large possible 

ways to reach one position. 

1.2 Statement of Problems 

The project was chosen due to its application in the industry today and due to the fact that it will 

be a good experience for a beginning engineer. This project required skills from design, 

mechanical, electronic and programming aspects of Engineering. It also applies many practical 

knowledge on industrial applications. The end result of this project was to gain knowledge that is 

applicable in the field.  

Problems that were faced during the completion of this project is stated below, 

1. Design the 3 DOF articulated robot. 

The links and joints were designed and a configuration for the links of the robot was 

decided. The dimensions of the design were finalized and the assembly was started.  

2. Building the robot 

The robot was created using aluminum sheets and box bars. The links of the robot was 

designed using box bars and motor fittings and base plate etc. was created using 

aluminum sheets. DC motors will be used for the revolute joints. The two DC motors use 

an encoder to get the position feedback and the third DC motor uses a Linear 

Potentiometer to get position feedback. The gripper was fixed to the second link of the 

robot. 

3. Implementing the electronic circuit as required 
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An electronic circuit was implemented to control the DC motors according to the 

requirements and the position feedback. The circuit contains an Arduino Mega 

microcontroller which will generate the necessary output signals which were given to a 

DC motor driver PWM signal input and read the feedback signals from the encoders and 

the potentiometer. The IC LM324N was used to filter the encoder signal noise and get a 

good feedback signal.  

4. Programming the robot as required 

The microcontroller was given inputs from the user to control the articulated robot 

mechanism joint angles. In the first part of the program the user gives the motor positions 

from the user interface built using Visual Basic and the microcontroller interprets the 

values and drives the motors to the desired positions. In the second part of the user 

interface program the user is given the ability to enter the xyz coordinates the end 

effector should move to and the Arduino uses an inverse kinematics algorithm to 

calculate the necessary angles and drive the DC motors.  

5. Testing the functionality of the robot and tuning the PID parameters 

After completion of the assembly and the electronic parts of the robot, the robot was 

tested for functionality and PID tuning was done. 

6. Demonstrating the functionality of the robot  

The robot was created to pick and place objects. Point to point method (only use inverse 

kinematics to get the joint angles according to xyz coordinates given) was used to pick 

and place the objects.  

1.3 Objectives 

The main objective of this project was to create a 3 DOF articulated robot and control the robot.  

1. Design of the robotic arm using aluminum.   

2. The end effector will be controlled according to user inputs in the Manual mode and will be 

controlled via program in the Auto mode. Since force feedback is not used in this project there is 

a previously tested object manipulation in the Auto mode. This can be used for repetitive tasks.  
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3. Implement an electronic circuit to control the robot. A microcontroller and 3 dc motors with 

encoders will be used. Other related electronic components will be selected according to the 

design.  

4. Programming the mechanism to work as a pick and place robot.  

This robot can be a general purpose robot that can be used for any application. There is also the 

knowledge that was gained by doing a project of this area of robotics. 

1.4 Scope of the Study 

In this report a 3-DOF articulated robot was created using aluminum box bars and sheets. A 

gripper was attached to the robot, which is a RC servo controlled gripper. After the assembly of 

the robot a user interface was created to take user input and control the robot. First part of the 

program includes the control of the motor angles according to user input angle the second part 

contains the control of the robot according to the x,y,z coordinates entered by the user.  

1.5 Organization of the Study 

Chapter I Explains the need and uses of articulated robots and the reasons for choosing this topic.  

Chapter II Includes a literature review of a few recent technical papers related to this field. 

Chapter III Describes the methods used to assemble and control the articulated robot. 

Chapter IV shows the results of how the robot responds to user input and control.  

Chapter V States the conclusions arrived after the completion of this project. It also gives 

recommendations on how to improve upon the work of done on this project. 

References states the technical papers used for information when writing this report. 

Appendices will include additional information and figures.  
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Chapter 2 

Literature Review 

 

According to (Emerich, 2007) a design for the articulated robot can be created after the forward 

and inverse kinematics equations of the motion is developed. From these equations the geometry 

of the robot is created. The torque is calculated according to the geometry of the robot and 

motors are selected as required. A similar approach was taken during the completion of this 

project. After the initial design of the robot the motors were selected accordingly.  

Emerich, 2007 also suggest testing the link lengths to find the optimum link lengths that can 

reach the areas needed for the experiment. Similar testing was done using Matlab robotic toolbox 

and handwritten calculations for this project. It was also used to test the gripper’s ability to grip 

an object near the base of the robot. They also suggest considering the torque when deciding the 

link lengths. After the link lengths are chosen the motors can be selected accordingly.  

According to (Mohamad, 2008) generation of path of the end effector is much more effective if 

ant behavior is applied to robotics. The author suggests the F-Ant algorithm to calculate the path 

from the current position of the gripper to the goal area. The algorithm takes two input 

configurations and does a unidirectional search beginning at the initial position. It plans a path 

while doing edge collision detection and reaches the goal area.  

If a complete algorithm is used, path planning will consume a lot of time. This has led to the 

development of various methods of path planning. Most heuristic methods offer no performance 

guarantee (Mohamad, 2008) due to the fact that some complex algorithms or methods cannot 

solve easy problems rather than complex questions.  

Probabilistic RoadMap planners (PRM) are famous motion planning techniques that has been 

shown by many researchers as easy to implement and very efficient. (Muhamad, 2008)  

(Rubio, 2012) suggests a method of developing a dynamic model for the articulated robot arm 

combining the dynamic models of the structure, sensor and the actuator. The authors show that 

most applications are done using only the dynamic model of the structure rather than the whole 

system that includes the sensors and actuators as well. This proposed method is to be more 

accurate when doing control of the articulated robot. The authors validate their claims by 
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comparing the simulation results with the experimental results. This project was built on the base 

of this method and completed the building of an articulated robot.  

(Pieper, 1968) does a kinematic analysis of computer controlled manipulators also derives a path 

planning method for manipulators. The author suggests storing the previously generated 

successful paths in memory while doing path planning to decrease the computational time. The 

author also states that six degrees of freedom is required to grasp an object at an arbitrary 

position with an arbitrary orientation.  

(Hobarth, 2008) considers a hybrid articulated robot with 2 flexible links and 6 joints and derives 

the partial differential equations necessary for the dynamic model. 

In (Paul, 1972) the author divides the control of an arm into four sections. They are modelling, 

trajectory calculation, servoing and control. This project followed a similar approach to the 

design and control of the articulated robot. (Paul, 1972) states how modelling parameters, 

generation of arm path trajectories, servo gravity loading compensation are used in computer 

control of the robotic arm. This project also followed a similar work plan in building the robot. 

The robot was designed and then the servoing and programming of the robot was done. 

(Atkeson, An, and Hollerbach, 1986) discusses a method for estimating the mass and inertia of 

rigid body links of the robot. It uses Newton-Euler equations to derive relationships. It is 

confirmed that estimated parameters are similar to the computed parameters. (Atkeson, An, and 

Hollerbach, 1986) also discusses the use of joint torque sensing to calculate the inertia and mass 

of the robotic arm or system. The author also goes on to propose estimating the inertial 

parameters on the basis of direct dynamic measurements. This project used more traditional 

methods in building the robot. After the design and assembly of the robot, the PID loop tuning 

was done for the three motors and used in the control of the robot. This project only uses point to 

point inverse kinematic control rather than path planning and trajectory planning.   
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Chapter 3 

Methodology 

 

The project consists of the design, building of a 3-DOF robot, the electronic circuits and the 

programming aspects of robot control.  

3.1 Design 

As a first step of this project a link design for the robot was done using Solidworks. It is shown 

below.  

 

Figure 3.1: Rough sketch of proposed mechanism 

The basic idea for the robot mechanism was taken from this design.  

After the selection of the motors the necessary link lengths were decided and created using 

aluminum box bars. During the assembly of the robot the design changed considerably, the final 

design of the robot is as below. 
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Figure 3.2: The final robot after the assembly 

Matlab Robotics Toolbox was used to create and calculate the forward kinematics of the robot 

and simulate the end effector positions.  

 

Figure 3.3: Matlab forward kinematics using robotics toolbox 

After the calculation of the invers and forward kinematics of the robot, the solutions for the 

inverse kinematics was generated using code written in the Arduino Mega board. The solutions 

were tested using the Matlab robotics toolbox and a viable orientation of the robot was selected. 

The coordinates the robot can reach were also calculated using the Matlab robotics toolbox. The 

calculations of forward and inverse kinematics further into this section.   
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3.2 Mechanism  

The robot was created using aluminum and it has 3 revolute joints. A Simple plastic end effector 

was used to decrease the total weight of the robot. Since the motors are connected directly to the 

links using couplings the motor weights also adds into the workload of the robot. 

At the beginning of the project link lengths were decided and aluminum box bars were used to 

create the links. It was decided to make the links 20cm and 30cm since the motor used for the 

base of the turntable has the length of more than 7cm the link lengths were decided to be the 

values stated above. After the stand the base motor was fixed in was created and the base plate 

was connected to the base motor the height reaches a height around 22cm.  

First the box bars were bought and a motor rotor coupling was made and welded into the box bar 

as shown below. The diameter of the coupling was made to be 6mm since the potentiometers and 

motors I had planned to use for the project have diameters of 6mm. The link lengths were 

measured from the middle of the coupling. An aluminum sheet was welded to the top end of the 

links, so that the motors and the gripper can be fixed to the aluminum sheets and thereby 

connected to the links.  

 

Figure 3.4: Link 1 (30cm from the middle of the coupling to the top of the link) 
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Figure 3.5: Link 2 (20cm in length) 

After the making of the links an aluminum sheet was taken and a circular shape of 14cm 

diameter was cut using a jigsaw and a coupling of 6mm diameter was made and welded to the 

middle of the circular shape. The coupling was fixed with a nut that tightens to the rotor of the 

motor. 

 

Figure 3.6: Base Plate 



11 

 

Since the base plate is directly fixed to the rotor of the motor, a stand was made that has the 

space to connect the base plate and leave space below for the motor. Steel was used to create the 

stand since it adds more weight to the base of the robot. The steel was welded to create the stand. 

 

Figure 3.7: Stand 

 

It was decided to fix roller to the stand and balance the baseplate on top of the rollers so that the 

load on the base motor gets distributed. Thereby minimizing the amount of load directly applied 

to the base motor. Nuts and bolts were used to fix the rollers to the stand. 

 

Figure 3.8: Stand with fixed Rollers 

 

A Plastic Gripper was used for this project. 
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Figure 3.9: Gripper with servo mounted 

The gripper was attached to the link using wires since the gripper is made of plastic and using 

any other method might damage the gripper. 

 

Figure 3.10: Gripper attached to link 2 
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A motor with an encoder was attached to the top of the first link using an aluminum fixture and 

the second link was attached to the above mentioned motor using the coupling welded to the 

second link. Nuts and bolts were used to attach the fixture to the first link.  

 

Figure 3.11: Two links attached together 

 

A fixture and an offset was used to fix the second motor to the middle of the base plate. The 

offset value was decided so that the second motor has the ability move in a 270 degree angle 

space. The offset was created using an aluminum sheet and bending it to a “U” shape. Then a 

motor mount was fixed on top of the offset using nuts and bolts then the motor was fixed to the 

motor mount. Since the second motor has a rotor with an 8mm diameter a 8mm to 6mm coupling 

and a steel rod of 6mm diameter was used to fix the first link to the second motor. The steel rod 

was grinded to stop the slipping of the coupling when the motor starts moving. Also a small hole 

was drilled on the side of the coupling of the first link and the steel rod and a nut was inserted to 

stop the slipping of the link when the first motor starts moving.  

A coupling was used to connect a potentiometer to the axel of the second motor. Also a fixture 

was made using aluminum to fix the potentiometer to the base plate.  
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Figure 3.12: Second motor connected to the first link and a potentiometer 

The rotor of the base motor was grinded to be flat so that the nut in the base plate coupling can 

be fixed to the base motor rotor. This was done to minimize the mechanical slip when the base 

motor and the baseplate starts moving.  

The base motor controls the orientation of the base plate. The second motor controls the angle 

between the base plate and the first link. The third motor controls the angle between the link1 

and link2. And the servo motor attached to the gripper control the jaws of the gripper.  

The size of the base plate was increased to make room to connect a potentiometer to the second 

motor axis.  

 

Figure 3.13: Base plate after Extension 
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The thickness of the plate used for the stand was also replaced with a larger and thicker sheet to 

avoid the bending of the sheet due to the weight exerted on the stand.  

 

Figure 3.14: Stand aluminum sheet extended 

3.3 Assembly 

A hole with the diameter of the base motor rotor was drilled into the middle of the stand and 

three small holes was also drilled to the stand so that the motor can be mounted to the middle of 

the stand. 

 

Figure 3.15: Motor fixed to stand 

Four holes were drilled to the stand and four rollers were fixed to the stand using nuts and bolts.  
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Figure 3.16: Rollers fixed to stand 

The base plate is connected to the motor by a nut and a coupling that is welded to the base plate. 

Figure below shows a basic idea how it is connected. 

 

Figure 3.17: Base plate connected to the rotor 

The second motor is fixed to the top of the base plate using an offset and a motor mount.  

 

Figure 3.18: Motor 2 fixed to the base plate 

The rotor of the third motor was grinded so that the coupling welded to the second link can be 

fixed to the rotor using a nut.  
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Figure 3.19: Link 1 and Link 2 fixed together 

 

A picture that shows the robot after the full assembly is shown below.  

 

Figure 3.20: Completed view after assembling 
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3.4 Workspace of the Robot 

There are limitations to this design which limits the workable space of the robot. These 

restriction are unavoidable.  The maximum length of all the links extended is 78.40.  

 

Figure 3.21: Workspace of the robot 

3.5 Forward Kinematics of the Robot 

Table 3.1: DH parameters of the robot 

Link αi ai Θi di 

(0-1) 1 -pi/2 0 θi 22.4 

(1-2) 2 0 0 0 8.5 

(2-3) 3 0 30 θ3 0 

(3-4) 4 0 0 0 -5.0 

(4-5) 5 0 26 θ5 0 

 

Ai = Rotz,θi . Transz,di . Transx,ai . Rotx,αi  

A0
1 = Rotz,θ1 . Trans z,d1 . Trans x,a1 . Rot x, α1 =  Rotz,θ1.Transz,22.4.Transx,0.Rotx,-90o  
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       = [

𝑐θ1 −𝑠θ1
𝑠θ1 𝑐θ1

0 0
0 0

0 0
0 0

1 0
0 1

] [

1 0
0 1

0 0
0 0

0 0
0 0

1 22.4
0 1

] [

1 0
0 0

0 0
1 0

0 −1
0 0

0 0
0 1

] 

       = [

𝑐θ1 0
𝑠θ1 0

−𝑠θ1 0
𝑐θ1 0

0 −1
0 0

0 22.4
0 1

]   

 

A1
2 = Rotz,θ2 . Trans z,d2 . Trans x,a2 . Rot x, α2 =  Transz,8.5 

       =  [

1 0
0 1

0 0
0 0

0 0
0 0

1 8.5
0 1

] 

A2
3 = Rotz,θ3 . Trans z,d3 . Trans x,a3 . Rotx,αi =[

𝑐θ3 −𝑠θ3
𝑠θ3 𝑐θ3

0 0
0 0

0 0
0 0

1 0
0 1

]  [

1 0
0 1

0 30
0 0

0 0
0 0

1 0
0 1

] 

= [

𝑐θ3 −𝑠θ3
𝑠θ3 𝑐θ3

0 30𝑐𝜃3
0 30𝑠𝜃3

0 0
0 0

1 0
0 1

]   

A3
4 = Rotz,θ1 . Trans z,d1 . Trans x,a1 . Rot x, α1 

       = [

1 0
0 1

0 0
0 0

0 0
0 0

1 −5.0
0 1

]   

A4
5 = Rotz,θ1 . Trans z,d1 . Trans x,a1 . Rot x, α1 

      = [

𝑐θ5 −𝑠θ5
𝑠θ5 𝑐θ5

0 0
0 0

0 0
0 0

1 0
0 1

] [

1 0
0 1

0 26
0 0

0 0
0 0

1 0
0 1

] 

      = [

𝑐θ5 −𝑠θ5
𝑠θ5 𝑐θ5

0 26𝑐θ5
0 26𝑠θ5

0 0
0 0

1 0
0 1

] 
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A0
5 = A0

1. A
1
2. A

2
3.A

3
4.A

4
5 = [

𝑐θ1 0
𝑠θ1 0

−𝑠θ1 0
𝑐θ1 0

0 −1
0 0

0 22.4
0 1

]  

[

1 0
0 1

0 0
0 0

0 0
0 0

1 8.5
0 1

] [

𝑐θ3 −𝑠θ3
𝑠θ3 𝑐θ3

0 30𝑐𝜃3
0 30𝑠𝜃3

0 0
0 0

1 0
0 1

]  [

1 0
0 1

0 0
0 0

0 0
0 0

1 −5.0
0 1

]  [

𝑐θ5 −𝑠θ5
𝑠θ5 𝑐θ5

0 26𝑐θ5
0 26𝑠θ5

0 0
0 0

1 0
0 1

] 

= 

[

(𝑐θ1. cθ3. cθ5 − cθ1. sθ3. sθ5) −𝑐𝜃1. 𝑐𝜃3. 𝑠𝜃5 − 𝑐𝜃1. 𝑐𝜃5. 𝑠𝜃3
(𝑐θ3. cθ5. sθ1 − sθ1. sθ3. sθ5) −𝑐𝜃3. 𝑠𝜃1. 𝑠𝜃5 − 𝑐𝜃5. 𝑠𝜃1. 𝑠𝜃3

−𝑠𝜃1 30𝑐𝜃1𝑐𝜃3 − 3.5𝑠𝜃1 − 26𝑐𝜃1𝑐𝜃3𝑐𝜃5 + 26𝑐𝜃1𝑐𝜃3𝑐𝜃5
𝑐𝜃1 30𝑠𝜃1𝑐𝜃3 + 3.5𝑐𝜃1 − 26𝑠𝜃1𝑠𝜃3𝑠𝜃5 + 26𝑠𝜃1𝑐𝜃3𝑐𝜃5

(−cθ3. sθ5 − cθ5. sθ3)                                   𝑠𝜃3. 𝑠𝜃5 − 𝑐𝜃3. 𝑐𝜃5
0                                      0

                   0                        22.4 − 26𝑐𝜃3𝑠𝜃5 − 26𝑐𝜃5𝑠𝜃3 − 30𝑠𝜃3
                   0                        1

] 

 

3.6 Inverse Kinematics of the Robot 

Using analytical method (Graphical method is not applicable since the robot configuration 

consists of 2 link offsets) 

x = 30cθ1cθ3-3.5sθ1-26cθ1sθ3sθ5+26cθ1cθ3cθ5   

   = 30cθ1cθ3-3.5sθ1+26cθ1c(θ3+θ5)-------------------------------(A) 

y = 30𝑠𝜃1𝑐𝜃3 + 3.5𝑐𝜃1 − 26𝑠𝜃1𝑠𝜃3𝑠𝜃5 + 26𝑠𝜃1𝑐𝜃3𝑐𝜃5  

   = 30𝑠𝜃1𝑐𝜃3 + 3.5𝑐𝜃1 + 26𝑠𝜃1𝑐(𝜃3 + 𝜃5) --------------------(B) 

z = 22.4 – 26cθ3sθ5 – 26cθ5sθ3 -30sθ3 

   = 22.4 – 30sθ3 -26s(θ3+θ5) ----------------------------------------(C) 

 

x2+y2 = ([30cθ1cθ3-3.5sθ1]+[26cθ1c(θ3+θ5)])2 + ([30𝑠𝜃1𝑐𝜃3 + 3.5𝑐𝜃1] + [26𝑠𝜃1𝑐(𝜃3 +

𝜃5)])2 

=  [30cθ1cθ3-3.5sθ1]2 + [26cθ1c(θ3+θ5)]2 + 2[30cθ1cθ3-3.5sθ1][26cθ1c(θ3+θ5)] + 

[30𝑠𝜃1𝑐𝜃3 + 3.5𝑐𝜃1]2 + [26𝑠𝜃1𝑐(𝜃3 + 𝜃5)]2 +2[30𝑠𝜃1𝑐𝜃3 + 3.5𝑐𝜃1][26𝑠𝜃1𝑐(𝜃3 + 𝜃5)] 

= 900s1
2c3

2+12.25c1
2+210s1c1c3+676s1

2c35
2+1560s1

2c3c35+182s1c1c35+900c1
2c3

2+12.25s1
2-

210s1c1c3+676c1
2c35

2+1560c1
2c3c35-182s1c1c35 

= 900c3
2+12.25+676c35

2+1560c3c35 

x2+y2-(3.5)2 = 900c3
2+676c35

2+1560c3c35----(D) 

(z-22.4)2 = (-30s3-26s35)
2---(E) 

(D)+(E) 
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x2+y2-(3.5)2+(z-22.4)2 = 900c3
2+676c35

2+1560c3c35+900s3
2+676s35

2+1560s3s35 

                                                       = 900 +676 +1560cos(θ3+θ5-θ3) 

Cos(θ5) = x2+y2-(3.5)2+(z-22.4)2-(30)2-(26)2 / (2)(30)(26)  = D 

Sin(θ5) = (1-D2)1/2 

(22.4-z)=s3[30+26c5]+c3[26s5]----(F) 

(30+26c5)(x
2+y2-3.52)1/2/(26s5) = c3(30+26c5)

2/(26s5) – s3(30+26c5) ----(G) 

(F) + (G) 

(26s5)(22.4-z)/(26s5) + (30+26c5)(x
2+y2-3.52)1/2/26s5 = s3(30+26c5) + c3(26s5)-s3(30+26c5) + 

c3(30+26c5)
2/(26s5) 

(26s5)(22.4-z) + (30+26c5)(x
2+y2-3.52)1/2 = c3[(26s5)

2 + (30+26c5)
2] 

Cos(θ3) = (26s5)(22.4-z) + (30+26c5)(x
2+y2-3.52)1/2 / (26s5)

2 + (30+26c5)
2 

Cos(θ3) = (26)(22.4)(1-D2)1/2-26(z) (1-D2)1/2+30(x2+y2-3.52)1/2
+26(D)(x2+y2-3.52)1/2/ 

(26)2+(30)2+2(30)(26)(D) 

x= 30c1c3—3.5s1+26c1c35 

x/3.5 = 30c1c3/3.5 – s1 + 26c1c35/3.5 ----(H) 

y = 30s1c3+3.5c1+26s1c35 

y/(30c3+26c35) = s1 + 3.5(c1)/(30c3+26c35)—(I) 

(H) + (I) 

x/3.5 + y/(30c3+26c35) = 30c1c3/3.5 – s1 + 26c1c35/3.5 +s1 + 3.5(c1)/(30c3+26c35) 

x(30c3+26c35) + y(3.5) = c1[(30c3+26c35)
2+(3.5)2] 

cos(θ1) = x(30c3+26c35) + y(3.5) / [(30c3+26c35)
2+(3.5)2] 

            = x (30c3+26c35) + y (3.5) / [302c3
2+262c35

2+ (3.5)2+2(30) (26)c3c35] 

3.7 Payload Calculation 

 

The final motor contains a torque of 1.72Nm(17539.1188gcm). Since the length of the final link 

is roughly 26cm the rough calculation of the load is 674.58g. Therefore the robot can lift a 

weight of less than 600g without any complications.  

After assembly was completed the electronic circuits were completed. The motors and encoders 

were tested for functionality before the assembly.  
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3.8 Electronic Design and Implementation 

At the beginning of the project the FAULHABER DC 12v Motor was selected for the joints of 

the robot. After assembly it was observed that the 2nd motor needs more torque to lift both the 

links and the motors attached to them. Therefore the second motor was replaced with a ZGB60R-

50SRZ-1 15w 24v DC motor. Because this motor does not contain any feedback sensor a linear 

potentiometer was used to take feedback of the 2nd DC motor. 

3.8.1 Components Used 

Faulhaber 12v DC 64:1 12CPR 2342L012CR 

 

Figure 3.22: DC Gear Motor with Encoder 

This motor is a 17W motor which has a maximum speed of 120rpm after gear reduction. The 

encoder generates 12 pulses per revolution since the gear ratio is 64:1 the encoder generates 

12x64 pulses per each revolution of the motor. This motor was used as the first and third motor 

of the robot. The motor generates a torque of 1.72Nm and requires a load current of 1400mA to 

rotate at maximum speed.  

ZGB60R-50SRZ-1 24V 15W DC motor 

This motor is a 15W DC motor which functions under 24v. The gear ratio of the motor is 1:200. 

And the maximum speed is 10rpm. The torque generated from this motor is enough the two links 

and the payload.  
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Figure 3.23: DC motor used as second motor 

Encoder of Faulhaber 

Generates 12 pulses per revolution. Since the program uses two interrupts for each channel (4X 

method) to get the encoder signal and update the variables, the arduino microcontroller reads 

3072 pulses per revolution. Therefore the sensitivity of the encoder signal and the motor 

movement is 0.1171875 (=360/3072). This shows that when the encoder signal increases the 

position variable by 1 the motor has rotated 0.1171875 degrees.   

 

Figure 3.24: Encoder signal in oscilloscope 
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Linear Potentiometer 

A Cosmos RV30YN20S B502 potentiometer was used for this project. This potentiometer has a 

resistance of 5KOhm and a power rating of 1W. The rotating angle is 3000+/-5%. It has a 

tolerance of 20%.   

Linearity of the potentiometer was tested several times before being used in the robot control. 

 

Figure 3.25: Cosmos RV30YN potentiometer 

The potentiometer was connected with an encoder to test linearity of the potentiometer. Since the 

second motor only need to rotate 2460 around the base plate this potentiometer was used without 

difficulty.  

During the testing of the encoder signal and the faulhaber motor sensor feedback it was seen that 

the Arduino does not register the changes in pulses. After some searching it was concluded that 

the Encoder signal is mixed with noise that Arduino cannot recognize the signal when it is mixed 

with unnessasary noise. To remedy this situation a LM324N IC operational amplifier was used 

for each encoder. Each channel of the encoder was given to one op amp of the IC. 

 

Figure 3.26: Op Amp Circuit figure 
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Figure 3.27: picture of IC’s used in circuit. 

 

Table 3.2: LM324 Pin description 

 Pin 

No 

 Function  Name 

1 Output of 1st comparator Output 1 

2 Inverting input of 1st comparator Input 1- 

3 Non-inverting input of 1st comparator Input 1+ 

4 Supply voltage; 5V (up to 32V) Vcc 

5 Non-inverting input of 2nd comparator Input 2+ 

6 Inverting input of 2nd comparator Input 2- 

7 Output of 2nd comparator Output 2 

8 Output of 3rd comparator Output 3 

9 Inverting input of 3rd comparator Input 3- 

10 Non-inverting input of 3rd comparator Input 3+ 

11 Ground (0V) Ground 

12 Non-inverting input of 4th comparator Input 4+ 

13 Inverting input of 4th comparator Input 4- 

14 Output of 4th comparator Output 4 
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Figure 3.28: Connections of the encoder channels 

It was decided to use interrupts to increase the sensitivity of the encoder signals. By using 

interrupts for both channels and updating the signal for increasing and decreasing of channel 

input. Since the Arduino Uno contains only 2 interrupts it was decided to use an Arduino Mega 

which has 6 interrupts.  

 

Figure 3.29: Arduino Mega 

DC-Opto Driver 

 

Figure 3.30: DC OPTO Driver 
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Board’s I/O Description 

1.Con.SW-L: connection for switching left (Connecting two of these pins to each other will activate left direction). 

2.Con.SW-R: connection for switching right (Connecting two of these pins to each other will activate right direction). 

3.LED-Vin 5V: if 5V supply is supplied at Con. Vin 5V or at Con. Ext Control then this LED is turned ON. 

4.LED-LFT: LED is on if left direction is activated. 

5.Con. Vin 5V: connection for 5V power supply from outside for the board. 

6.LED_VM 6V-24V: LED is on if motor power supply is ON. 

7.Con. VM 6V-24V: motor power supply (from 6V-24V) is connected here. 

8.Con. DC Motor: output from the board connected to the motor. 

9.LED-ENA: LED is ON if there is PWM pulse train. 

10.LED-RGT: LED is on if right direction is activated. 

11.VR CTR. Speed: variable resistor for controlling motor speed at manual mode. 

12.SW-LEFT: pressing the switch will activate CW direction. 

13.Con. Ext Control: connection to external control (micro-controller). 

14.Jumper Control: changing position of this jumper will switch the control between manual mode and external mode (by micro-

controller). 

15.SW-RIGHT: pressing the switch will activate CCW direction. 

A motor driver board was used for each motor to control direction of the motor. The Driver has 

an Enable pin which takes the PWM output from the Arduino Mega and drives the motor.  

Table 3.3: Driver logic table 
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The motor wires are connected to MT+ and MT- of the driver board. The power supply is 

connected to the VM+ and COM pins. +5v and ground is given to the +5V and GND pins of the 

motor driver. When DIR1 is enabled the motor rotates left and rotates right when DIR2 is 

enabled. When both DIR1 and DIR2 is enabled the motor is subjected to a fast stop. The PWM 

output from the arduino is given to the ENA pin of the DC motor driver board.  

 

Figure 3.31: DC Motor Driver 

 

The second motor was powered using a small power pack which supplies 12v and 1200mA. 

 

Figure 3.32: Power pack used to power motor 2 

The first and third motors were powered using a 12v 3.2v switchable power supply. 

 

Figure 3.33: power supply used to power motor 1 and 2 
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After supply of the voltages it was observed that the first motor turns much faster than required. 

To reduce the voltage to the first motor 4 diodes in series were used.  

The 1N5401 diode has a forward continuous current capacity of 3A. It has a forward voltage 

drop of 1.2v. By using 4 diodes in series the voltage is reduced to 8.0-7.2v based on the current 

demand from the motor. 

 

Figure 3.34: 1N5401 diode 

Wiring 

Since the some of the motors are attached to the robot itself the power and encoder wires were 

required to move with the motion of the robot. It was decided to increase the length of the wires 

to allow the robot to move freely without any obstruction.  

A 7805 voltage regulator IC was also used to give voltage to the gripper servo motor. 

 

Figure 3.35:7805 IC 

 

Figure 3.36: Overall circuit diagram 
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3.9 Programming 

After the completion of the electronic circuit separate programs were written to check the 

functionality of each feedback sensor. Also a serial communication program was written to 

handle “String” input and output required to control the robot through the Graphical User 

Interface (GUI).  

Each motor was tuned separately and checked for solvability of the PID parameters before 

combining all the PID loops into one main program and doing the final tuning.  

3.9.1 PID Tuning methods used 

At the start of the PID tuning it was decided to use “quarter amplitude decay” response type 

tuning. After several tries it was seen that manually tuning the robot links using this method is 

harder to apply for this robot.  

After that it was decided to tune the motors manually tuning P, D and I respectively. As the first 

step in tuning the motor the proportional gain of the PID loop was increased until the output 

oscillates around the set point. In the next step the derivative gain was increased incrementally 

until the oscillation stops or reduces drastically. As the final step the steady state error between 

set point and process variable was decreased by increasing the incremental gain.  

It was also decided to use two PID tunings for motor 3 to act as gravity compensation since 

gravity compensation was not in the scope of the robot.   

 

Figure 3.37: PID Loop for 1 motor 

The arduino program written to control the three motors are attached in the appendix.  
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Start  

If 

(Serial.available

>0)  

YES 

Read String and determine mode 

and values 

 

  

hsa 
If 

(mode==motorf

)  

YES 

Update Setpoint 1 

 

  

hsa 

If 

(mode==motors

) 

YES 
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Update Setpoint 2 

 

  

hsa 

If 

(mode==motort

)  

YES 

Update Setpoint 3 

 

  

hsa 

If 

(mode==wideng

)  

YES 

Increase position of gripper servo 

by 10. 

 

  

hsa 

If 

(mode==narrow

)  
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YES 

Decrease position of gripper 

servo by 10 

 

  

hsa 

If 

(mode==grippe)  

YES 

Update the position of the servo 

motor 

 

  

hsa 

If 

(mode==invers)  

YES 

Update x1 y1 z1 variables 

 

  

hsa 
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Figure 3.38: Arduino program flow chart 

3.9.2 User interface 

For this project a user interface was created using Visual Basic. 

 

Figure 3.39: User Interface created using Visual Basic 

As it is seen the left most part of the user interface lets the user control the angle of each motor 

separately. The valid range for each motor is mentioned below each button. Even though a range 

is defined for motor 1 and motor 3 since there is no restrictions these motors can turn to any 

angle the user chooses.  

The middle section of the user interface is used to get feedback from the motors and display the 

current angles of the motors in degrees.  

The rightmost section of the user interface is used to give x,y,z coordinates of a point and the 

“Calculate” button is used to send the robot to that position. Since the robot has restrictions the 

coordinates entered into the user interface should be within 13.00 to 33.00 to get better results. 

Run PID1(),PID2(),PID3() 

 

  

hsa End 
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All though the robot can reach other coordinates the orientation of the hand might differ as well 

as some points may not have an inverse kinematics solution.  
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Chapter 4 

Results 

 

4.1 Forward Kinematics/ Angular Control of the Robot 

Table 4.1: Angular Control Results 

Motor 

Number 

Set 

Angl

e 

(degr

ees) 

Angle Reached (degrees) Additional 

Mechanic

al Errors 

 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 Play from 

the rotor 

Motor 1 30 29.8828125 28.9453125 29.4140625 29.296875 29.1796875 +/-30 

45 44.6484375 44.6184375 45.1171875 44.6484375 43.9453125 +/-30 

75 74.8828125 75.0 74.8828125 74.8828125 74.8828125 +/-30 

90 89.8828125 89.6484375 89.765625 89.8828125 89.8828125 +/-30 

Motor 2 -45 45.30405405 44.695945945

9 

44.39189189 44.39189 44.39189 +/-20 

-90 89.69594595 90.30405405 90.89700996 89.0878378 89.39189 +/-20 

-135 -136.56 -

134.85098338 

-134.85 136.04651 136.943521 +/-20 

-180 176.702 176.0 176.702702 177.702 176.702 +/-20 

Motor 3 45 46.171875 47.8125 47.9296875 45.3515625 45.0 +/-1.50 

90 90.46875 90.9375 92.578125 93.28125 90.3515625 +/-1.50 
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4.2 Inverse Kinematics/ Coordinates Reached 

Table 4.2: Inverse Kinematics based control results 

Coordinates Entered 

(x,y,z) (in cm) 

Coordinates Reached (x,y,z) (in cm) 

Trial 1 Trial 2 Trial 3 Trial 4 Trial 5 

(20.00,20.00,20.00) 19.9,21.1 ,21.2 19.3,21.3,22.4 18.3,22.3,19.4 19.8,21.1,21.3 20.6,19.9,19.4 

(20.00,20.00,00.00) 17.6,21.0,00.8 20.7,19.0,00.8 20.0,20.5,01.1 18.4,20.4,00.2 20.7,19.0,00.8 

(16.80,30.20,00.00) 19.7,27.8,-00.7 17.8,27.9,00.3 17.6,29.3,00.6 18.3,29.2,00.2 16.9,30.7,00.3 

(30.00,15.60,25.80) 30.3,15.2,25.0 30.6,14.5,23.8 31.2,16.4,24.9 29.8,15.5,22.8 31.8,13.7,25.7 

(18.90,35.20,20.50) 20.8,34.4,20.1 18.2,35.4,18.7 18.2,35.4,19.1 19.9,34.2,21.6 20.2,34.7,20.3 

(20.80,25.70,30.60) 21.1,25.2,29.8 21.0,25.7,31.5 21.9,24.4,30.0 21.3,25.4,29.7 22.0,25.3,31.8 
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Chapter 5 

Conclusions and Recommendations 

 

At the end of this project the robot was designed and controlled fairly accurately. Factors such as 

gravity, mechanical errors and motor play have reduced the robot from being 100% accurate. 

The use of potentiometers for one of the motors have resulted in a varied accuracy of the first 

link control. This is due to the fact that the potentiometer reading does not stay at a constant 

value even though the potentiometer is not moving. These kind of errors are increased if the 

potentiometer has a voltage drop in its supply voltage. 

Overall control of the robot was successful and the robot can be controlled by the user to desired 

angles of each motor or the desired coordinates.   

The selection of the motor should be based on the weight of the motors as well as the torque 

required to control the links. In conclusion it is seen that an Articulated robot is harder to design 

and control compared to other robot configurations such as SCARA and Cartesian.  

The articulated robot has advantages over other robot configurations such as SCARA and 

Cartesian robot. An articulated robot allows more freedom and control compared to other before 

mentioned robot configurations. It also allows more accuracy if controlled correctly. An 

articulated robot can be used for mostly any kind of application. Difficulty of controlling the 

robot accurately can be considered as a disadvantage of using an articulated robot. Also robots 

like SCARA can be used for applications such as spot welding etc. While articulated robots can 

be used for spot welding but the SCARA is easier to control and manipulate when used for an 

application like spot welding.  

The author suggest the following areas to improve the performance of the robot. Use gears to 

root out mechanical play from the motors and have an extremely accurate robot. A more accurate 

method of gravity compensation should be used to increase the accuracy of the robot. A 

suggested method is using gravity compensation to control the voltage of the motor. If more 

accuracy can be achieved for this robot, the robot can be designed using a program similar to 

Matlab and use path planning.    
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When designing a larger model of this robotic arm, it is important to precisely determine the 

weight & torque calculations.  Forward and inverse kinematic solutions and calculations are 

required to navigate the robot accurately. Also fair knowledge of control theory is required to 

control an articulated robot accurately.  

A main problem faced while implementing this project was the cost. The accuracy and speed of 

the robot arm was compromised with the budget available for designing the robot.  

A more complicated method of PID control is suggested to control the robot. It is also suggested 

to use speed control loops along with the PID position control loop to control the robot more 

accurately. It is also recommended to use gravity compensation to control the links more 

accurately. The functionality of the robot could be increased by adding more degree of freedom 

to the design of the robot. A 6 DOF articulated robot can be used for repetitive tasks such as 

painting and pick & place applications.   
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Appendix 

 

Arduino Code used for Robot 

#include <Servo.h> 

#include <stdio.h>  

#include <stdlib.h>  

#include <PID_v1.h>  

#include <math.h> 

 

volatile long countValue = 0; //motor1 encoder 

volatile long countValue2 = 0; //motor3 encoder 

double value = 0; //pot feedback//motor2 position 

//Serial values 

Servo myServo; 

int posServo=0; 

double x1;//inverseK x values 

double y1;//inverseK y values 

double z1;//inverseK z values 

int x; 

String y; 

String str; 

String mode; 

String strSend; 

char a[6]; 

char a1[6]; 

char b1[6]; 

char c1[6]; 

//motor1 

double Setpoint1,Input1, Output1,Output2; 
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PID myPID1(&Input1, &Output1, &Setpoint1, 0.9, 0, 0.01, DIRECT); //KpKiKd 

PID myPID2(&Input1, &Output2, &Setpoint1, 1.3, 0, 0.01, REVERSE); 

//inversekinematics 

double d1,b11,b2; 

double D,D1,D2,D3,D4,D5,D6; 

double a2,a3; 

double 

angle1Rad1,angle1Rad2,angle1Rad3,angle1Rad4,angle1Rad5,angle1Rad6,angle1Rad7,angle1Ra

d8,angle2Rad1,angle2Rad2,angle2Rad3,angle2Rad4,angle3Rad1,angle3Rad2; 

double 

angle1Deg1,angle1Deg2,angle1Deg3,angle1Deg4,angle2Deg1,angle2Deg2,angle3Deg1,angle3D

eg2; 

double angle11,angle12,angle13,angle14,angle21,angle22,angle31,angle32; 

double temp,temp2; 

//motor2 

double Input2, Output3,Output4;  

double Setpoint2=560; 

PID myPID3(&Input2, &Output3, &Setpoint2, 15, 0, 0.05, DIRECT); //KpKiKd 

PID myPID4(&Input2, &Output4, &Setpoint2, 15, 0, 0.05, REVERSE); 

//motor3 

double Input3,Setpoint3,Output5,Output6,Output7,Output8;  

//rising 

PID myPID5(&Input3, &Output5, &Setpoint3, 0.3, 0.009, 0.001, DIRECT);//KpKiKd 

PID myPID6(&Input3, &Output6, &Setpoint3, 0.3, 0.009, 0.001, REVERSE); 

//falling 

PID myPID7(&Input3, &Output7, &Setpoint3, 0.1, 0.002, 0.001, DIRECT); 

PID myPID8(&Input3, &Output8, &Setpoint3, 0.1, 0.002, 0.001, REVERSE); 

 

void setup(){ 

   Serial.begin(19200);  

   pinMode(13,OUTPUT); 
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   digitalWrite(13,LOW); 

   myServo.attach(15); 

   myServo.write(0); 

   //motor1 

   pinMode(2, INPUT);  

   pinMode(3, INPUT);  

   pinMode(7, OUTPUT);  

   pinMode(6, OUTPUT);  

   pinMode(5, OUTPUT); 

   attachInterrupt(0, doEncoderA, CHANGE);//set up ISR for interrupt 0 - pin 2. 

   attachInterrupt(1, doEncoderB, CHANGE); 

   myPID1.SetMode(AUTOMATIC);  

   myPID2.SetMode(AUTOMATIC); 

   //motor2 

   pinMode(0, INPUT);   

   pinMode(14, OUTPUT);//DIR1  

   pinMode(12, OUTPUT);//DIR2  

   pinMode(11, OUTPUT);//ENA  

   myPID3.SetMode(AUTOMATIC);  

   myPID4.SetMode(AUTOMATIC); 

   //motor3 

   pinMode(21, INPUT);  

   pinMode(20, INPUT);  

   pinMode(10, OUTPUT);//DIR1  

   pinMode(9, OUTPUT); //DIR2 

   pinMode(8, OUTPUT); //ENA 

   attachInterrupt(2, doEncoderC, CHANGE);//set up ISR for interrupt 2 - pin 21. 

   attachInterrupt(3, doEncoderD, CHANGE); 

   myPID5.SetMode(AUTOMATIC);  

   myPID6.SetMode(AUTOMATIC); 
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   myPID7.SetMode(AUTOMATIC);   

   myPID8.SetMode(AUTOMATIC); 

} 

 

 

void loop()  

{ 

         if(Serial.available() > 0) 

          { 

            str=Serial.readString(); 

            mode=str.substring(0,6);//motorf,motors,motort,wideng,narrow,invers 

            y = str.substring(6); 

            y.toCharArray(a,6); 

            int x = atoi(a); 

            if(mode=="motorf") 

            { 

              Setpoint1=(x/360.0)*3072.0; 

            } 

            if(mode=="motors") 

            { 

              temp2=x*0.0174532925; 

                if(temp2<0 & temp2>-1.570796) 

                { 

                  Setpoint2=(temp2*-188.4394528)+264.0; 

                } 

                if(temp2<=-1.570796 & temp2>=-3.141592654) 

                { 

                   Setpoint2=(temp2+1.570796)*(-191.6225116)+560; 

                } 

                if(temp2>=0 & temp2<=0.582211162) 
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                { 

                  Setpoint2=(-188.9348868*temp2)+264.0; 

                } 

                if(temp2<=3.141592654 & temp2>=2.559381492) 

                { 

                  Setpoint2=((temp2-3.141592654)*-190.6524767)+861; 

                } 

                if(temp2>0.58221162 & temp2<2.559381492) 

                { 

                  Setpoint2=560;//HOME position. 

                 } 

            } 

            if(mode=="motort") 

            { 

              Setpoint3=(x/360.0)*3072.0; 

            } 

            if(mode=="wideng") 

            { 

              posServo=posServo+10;//widen the gripper servo.position + 10 

              myServo.write(posServo);//servo position = servo position + 10  

            } 

            if(mode=="narrow") 

            { 

              posServo=posServo-10; 

              myServo.write(posServo); 

              //narrow the gripper 

            } 

            if(mode=="grippe") 

            { 

              myServo.write(x); 
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            } 

            if(mode=="invers") 

            { 

              str.substring(6,11).toCharArray(a1,6); 

              str.substring(11,16).toCharArray(b1,6); 

              str.substring(16,21).toCharArray(c1,6); 

              x1 = atof(a1); 

              y1 = atof(b1); 

              z1 = atof(c1); 

              INVK(); 

            } 

         

      } 

    PIDblock1(); 

    PIDblock2(); 

    PIDblock3();  

    ////////////////// 

 //Read 

      if(Input1<10) 

      { Serial.print("000"); 

        Serial.print(Input1); 

      } 

      else if (Input1<100) 

      { Serial.print("00"); 

        Serial.print(Input1); 

      } 

      else if (Input1<1000) 

      { Serial.print("0"); 

        Serial.print(Input1); 

      } 
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      else{ 

        Serial.print(Input1); 

      } 

      Serial.print(Input2); 

      if(Input3<10) 

      { Serial.print("000"); 

        Serial.println(Input3); 

      } 

      else if (Input3<100) 

      { Serial.print("00"); 

        Serial.println(Input3); 

      } 

      else if (Input3<1000) 

      { Serial.print("0"); 

        Serial.println(Input3); 

      } 

      else{ 

        Serial.println(Input3); 

      }  

} 

void doEncoderA() { 

  if (digitalRead(2) != digitalRead(3)){ 

         countValue++; 

     } 

  else { 

         countValue--;  

        } 

 } 

void doEncoderB() { 

if (digitalRead(2) == digitalRead(3)){ 
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         countValue++; 

       } 

else { 

         countValue--; 

}  

} 

void doEncoderC() { 

  if (digitalRead(20) != digitalRead(21)){ 

         countValue2++; 

     } 

  else { 

         countValue2--;  

        } 

 } 

 

void doEncoderD() { 

if (digitalRead(20) == digitalRead(21)){ 

         countValue2++; 

       } 

else { 

         countValue2--; 

     }  

} 

////////////////////// 

void PIDblock1(){ 

  Input1 = countValue;  

    if ((Input1-Setpoint1)>0) 

    {  

    digitalWrite(7, LOW);  

    digitalWrite(6, HIGH);  
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    myPID2.Compute(); 

    analogWrite(5,Output2); 

//    Serial.print("Position: ");  

//    Serial.print(countValue);  

//    Serial.print(" Output2: ");  

//    Serial.println(Output2);  

}  

    ///////// 

    if ((Setpoint1-Input1)>0){  

    digitalWrite(6, LOW);  

    digitalWrite(7, HIGH);  

    myPID1.Compute(); 

    analogWrite(5,Output1); 

//    Serial.print("Position: ");  

//    Serial.print(countValue);  

//    Serial.print(" Output1: ");  

//    Serial.println(Output1); 

  } 

} 

void PIDblock2(){ 

  Input2 = analogRead(0); //range (0-1023) 

    if ((Input2-Setpoint2)>0) 

    {  

    digitalWrite(12, LOW);  

    digitalWrite(14, HIGH);  

    myPID4.Compute();  

    analogWrite(11,Output4);  

//    Serial.print("Position: ");  

//    Serial.print(Input2);  

//    Serial.print(" Output: ");  
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//    Serial.println(Output4);  

}  

 

    if ((Input2-Setpoint2)<0){  

    digitalWrite(14, LOW);  

    digitalWrite(12, HIGH);  

    myPID3.Compute();  

    analogWrite(11,Output3);  

//    Serial.print("Position: ");  

//    Serial.print(Input2);  

//    Serial.print(" Output: ");  

//    Serial.println(Output3); 

} 

} 

void PIDblock3(){ 

  Input3 = countValue2;  

  if(Input3>=0 & Input3<=1536) 

  { 

    if ((Setpoint3-Input3)>0){  

    digitalWrite(9, HIGH);  

    digitalWrite(10, LOW);  

    myPID7.Compute(); 

 

    analogWrite(8,Output7);  

//    Serial.print("Position: ");  

//    Serial.print(countValue2);  

//    Serial.print(" Output7: ");  

//    Serial.println(Output7);  

    } 
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    if ((Input3-Setpoint3)>0) 

    {  

    digitalWrite(10, HIGH);  

    digitalWrite(9, LOW);  

    myPID6.Compute(); 

 

    analogWrite(8,Output6);  

//    Serial.print("Position: ");  

//    Serial.print(countValue2);  

//    Serial.print(" Output6: ");  

//    Serial.println(Output6);  

    } 

  } 

   

 //////////////// 

 if(Input3<0 & Input3>=-1536) 

  { 

    if ((Setpoint3-Input3)>0){  

    digitalWrite(9, HIGH);  

    digitalWrite(10, LOW);  

    myPID5.Compute(); 

 

    analogWrite(8,Output5);  

//    Serial.print("Position: ");  

//    Serial.print(countValue2);  

//    Serial.print(" Output5: ");  

//    Serial.println(Output5);  

    } 

     

    if ((Input3-Setpoint3)>0) 
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    {  

    digitalWrite(10, HIGH);  

    digitalWrite(9, LOW);  

    myPID8.Compute(); 

 

    analogWrite(8,Output8);  

//    Serial.print("Position: ");  

//    Serial.print(countValue2);  

//    Serial.print(" Output8: ");  

//    Serial.println(Output8);  

    } 

  } 

} 

void INVK() 

{ 

  d1=22.4; 

  b11=8.5; 

  b2=5.0; 

  a2=30.0; 

  a3=26;//gripper height added 

  //theta3 

  D=(square(x1)+square(y1)+square(d1-z1)-square(b11-b2)-square(a2)-square(a3))/(1560.0); 

  angle3Rad1=atan2(sqrt(1-square(D)),D); 

  angle3Rad2=atan2(-sqrt(1-square(D)),D); 

  /////////////////// 

  D1=((d1*a3-a3*z1)*sin(angle3Rad1)+26*sqrt(square(x1)+square(y1)-square(b11-

b2))*cos(angle3Rad1)+30*sqrt(square(x1)+square(y1)-square(b11-

b2)))/(1576+1560.0*cos(angle3Rad1)); 

  angle2Rad1=atan2(sqrt(1-square(D1)),D1);  

  angle2Rad2=atan2(-sqrt(1-square(D1)),D1); 



53 

 

  ///////////////// 

//  D2=((515.1-25.5*z1)*sin(angle3Rad2)+25.5*sqrt(square(x1)+square(y1)-square(b11-

b2))*cos(angle3Rad2)+30*sqrt(square(x1)+square(y1)-square(b11-

b2)))/(1550.25+1530*cos(angle3Rad2)); 

//  angle2Rad3=atan2(sqrt(1-square(D2)),D2);  

//  angle2Rad4=atan2(-sqrt(1-square(D2)),D2); 

  //////////////////// 

//  D3=((30*x1*cos(angle2Rad1)) +(25.5*x1*cos(angle3Rad1+angle2Rad1)) 

+(10*y1))/(100+900*square(cos(angle2Rad1))+650.25*square(cos(angle2Rad1+angle3Rad1))+ 

1530*cos(angle2Rad1)*cos(angle2Rad1+angle3Rad1));//arctangent of y/x 

  D4=(30*x1*cos(angle2Rad2)+26*x1*cos(angle3Rad1+angle2Rad2)+(b11-

b2)*y1)/(square(b11-

b2)+900*square(cos(angle2Rad2))+676*square(cos(angle2Rad2+angle3Rad1))+1560*cos(angle

2Rad2)*cos(angle2Rad2+angle3Rad1));//arctangent of y/x 

  angle1Rad3=atan2(sqrt(1-square(D4)),D4); 

  angle1Rad4=atan2(-sqrt(1-square(D4)),D4); 

 

  Setpoint1= (angle1Rad3*57.2957795/360.0)*3072.0;  

  if(angle2Rad2<0 & angle2Rad2>-1.570796) 

  { 

    Setpoint2=angle2Rad2*(-188.4394528)+264.0;  } 

  if(angle2Rad2<=-1.570796 & angle2Rad2>-3.141592654) 

  { 

    Setpoint2=(angle2Rad2+1.570796)*(-191.6225116)+560.0;  }  

  if(angle2Rad2>=0 & angle2Rad2<=0.582211162) 

  { 

    Setpoint2=angle2Rad2*(-188.9348868)+264.0;  } 

  if(angle2Rad2<=3.141592654 & angle2Rad2>=2.559381492) 

  { 

    Setpoint2=(angle2Rad2-3.141592654)*-190.6524767 +861;  } 

  if(angle2Rad2>0.582211162 & angle2Rad2<2.559381492) 

  { 
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    Setpoint2=560;  } 

    Setpoint3=(angle3Rad1*57.2957795/360.0)*3072.0; 

} 

Arduino Library PID code 

/*working variables*/ 

unsigned long lastTime; 
double Input, Output, Setpoint; 
double errSum, lastErr; 
double kp, ki, kd; 
void Compute() 
{ 
   /*How long since we last calculated*/ 

   unsigned long now = millis(); 
   double timeChange = (double)(now - lastTime); 
   
   /*Compute all the working error variables*/ 

   double error = Setpoint - Input; 
   errSum += (error * timeChange); 
   double dErr = (error - lastErr) / timeChange; 
   
   /*Compute PID Output*/ 

   Output = kp * error + ki * errSum + kd * dErr; 
   
   /*Remember some variables for next time*/ 

   lastErr = error; 
   lastTime = now; 
} 
   
void SetTunings(double Kp, double Ki, double Kd) 
{ 
   kp = Kp; 
   ki = Ki; 
   kd = Kd; 
} 
User Interface Code 

Public Class Form1 

    Dim s9 As String 

    Dim s10 As Double 

    Private Sub Button1_Click(ByVal sender As System.Object, ByVal e As 

System.EventArgs) Handles Button1.Click 

        Dim s1 As String 

        If Not SerialPort1.IsOpen() Then 

            SerialPort1.Open() 

        End If 
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        s1 = TextBox1.Text() 

        s1 = "motorf" + s1 

        SerialPort1.Write(s1) 

    End Sub 

 

    Private Sub Form1_Disposed(ByVal sender As Object, ByVal e As 

System.EventArgs) Handles Me.Disposed 

        If SerialPort1.IsOpen() Then 

            SerialPort1.Close() 

        End If 

    End Sub 

 

    Private Sub Form1_Load(ByVal sender As System.Object, ByVal e As 

System.EventArgs) Handles MyBase.Load 

        SerialPort1.PortName = "COM3" 

        SerialPort1.Open() 

    End Sub 

 

    Private Sub Button2_Click(ByVal sender As Object, ByVal e As 

System.EventArgs) Handles Button2.Click 

        Dim s2 As String 

        If Not SerialPort1.IsOpen() Then 

            SerialPort1.Open() 

        End If 

        s2 = TextBox2.Text() 

        s2 = "motors" + s2 

        SerialPort1.Write(s2) 

    End Sub 

 

    Private Sub Button3_Click(ByVal sender As Object, ByVal e As 

System.EventArgs) Handles Button3.Click 

        Dim s3 As String 

        If Not SerialPort1.IsOpen() Then 

            SerialPort1.Open() 

        End If 

        s3 = TextBox3.Text() 

        s3 = "motort" + s3 

        SerialPort1.Write(s3) 

    End Sub 

 

    Private Sub Button4_Click(ByVal sender As System.Object, ByVal e As 

System.EventArgs) Handles Button4.Click 

        'Gripper widen 

        Dim s4 As String 

        If Not SerialPort1.IsOpen() Then 

            SerialPort1.Open() 

        End If 

        s4 = "wideng" 

        SerialPort1.Write(s4) 

    End Sub 

 

    Private Sub Button5_Click(ByVal sender As System.Object, ByVal e As 

System.EventArgs) Handles Button5.Click 

        'gripper narrow 

        Dim s5 As String 

        If Not SerialPort1.IsOpen() Then 

            SerialPort1.Open() 
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        End If 

        s5 = "narrow" 

        SerialPort1.Write(s5) 

    End Sub 

 

    Private Sub Button6_Click(ByVal sender As System.Object, ByVal e As 

System.EventArgs) Handles Button6.Click 

        'inverse kinematics 

        Dim s6 As String 

        If Not SerialPort1.IsOpen() Then 

            SerialPort1.Open() 

        End If 

        s6 = "invers" + TextBox4.Text + TextBox5.Text + TextBox6.Text 

        SerialPort1.Write(s6) 

    End Sub 

 

    Private Sub Button7_Click(ByVal sender As System.Object, ByVal e As 

System.EventArgs) Handles Button7.Click 

        If Not SerialPort1.IsOpen() Then 

            SerialPort1.Open() 

        End If 

        TextBox7.Text = Convert.ToDouble(s9.Substring(0, 7)) * 360.0 / 3072.0 

        s10 = Convert.ToDouble(s9.Substring(7, 6)) 

        If (s10 >= 264.0 And s10 <= 560.0) Then 

            s10 = (s10 - 264.0) * -90.0 / 296.0 

        ElseIf (s10 > 560.0 And s10 < 861.0) Then 

            s10 = ((s10 - 560.0) * -90.0 / 301.0) - 90.0 

        ElseIf (s10 >= 861.0 And s10 <= 972.0) Then 

            s10 = (-33.0 * ((s10 - 861.0) / 111.0)) + 180.0 

        ElseIf (s10 >= 154.0 And s10 < 264.0) Then 

            s10 = (-33.0 * (s10 - 154.0) / 110.0) + 33.0 

        Else 

            s10 = -90.0 

        End If 

        TextBox8.Text = s10 

        TextBox9.Text = Convert.ToDouble(s9.Substring(13, 7)) * 360.0 / 

3072.0 

    End Sub 

    Private Sub TrackBar1_ValueChanged(ByVal sender As Object, ByVal e As 

System.EventArgs) Handles TrackBar1.ValueChanged 

        Dim s7 As String 

        Dim s8 As String 

        If Not SerialPort1.IsOpen() Then 

            SerialPort1.Open() 

        End If 

        s8 = Convert.ToString(TrackBar1.Value) 

        s7 = "grippe" + s8 

        SerialPort1.Write(s7) 

    End Sub 

 

    Private Sub SerialPort1_DataReceived(ByVal sender As Object, ByVal e As 

System.IO.Ports.SerialDataReceivedEventArgs) Handles SerialPort1.DataReceived 

        s9 = SerialPort1.ReadLine 

    End Sub 

End Class 
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