
Uluslararası İleri Doğa 

Bilimleri ve Mühendislik 

Araştırmaları Dergisi 

Sayı 8, S. 159-180, 8, 2024 

© Telif hakkı IJANSER’e aittir  

Araştırma Makalesi 

   
 

https://as-proceeding.com/index.php/ijanser 

 ISSN: 2980-0811 

 International Journal of Advanced 

Natural Sciences and Engineering 

Researches 

Volume 8, pp. 159-180, 8, 2024 

Copyright © 2024 IJANSER 

Research Article 

 

 

159 
 

Design and kinematic analysis of spherical robot arm and pneumatic 

driven gripper 
 

Ziya ÖZÇELİK 1*, Muhammet Mevlüt KARACA 2 
 

*1Department of Mechatronic Engineering, University of Selcuk, Türkiye 
2Department of Mechanical Engineering, University of Karabük, Türkiye 

 

Corresponding Author Email: zozcelik@selcuk.edu.tr 

 

(Received: 01 September 2024, Accepted: 18 September 2024) 

 
ATIF/REFERENCE: Özçelik, Z. & Karaca, M. M. (2024). Design and kinematic analysis of spherical robot arm and 

pneumatic driven gripper. International Journal of Advanced Natural Sciences and Engineering Researches, 8(8), 159-180. 

 

Abstract – In this study, a global robotic arm was investigated. A pneumatic-controlled end-effector 

(gripper) design was developed for the gripping component of the robotic arm. The assembly of the 

completed robotic arm was simulated using a CAD program, addressing assembly conflicts and 

dimensional errors. Mechanical and electrical assemblies were carried out, and the connections to the 

microcontroller were established, rendering the robotic arm operational. To determine the coordinate 

values of the end effector and for the forward kinematic calculations of the robotic arm, the Denavit-

Hartenberg method was employed. Inverse kinematic calculations were performed to compute the joint 

angle values necessary for the end effector to reach target coordinate values. The torque for each joint of 

the robotic arm was obtained using the Lagrange-Euler method, along with the overall mass matrix of the 

robotic arm, the inertia tensor of the links, the gravitational acceleration, and the Coriolis and centripetal 

force vectors. The dynamic equations derived from the Lagrange-Euler method and the trajectory 

planning equations were defined in the Matlab-Simulink environment. Graphs were generated in the 

Simulink section. The solid model designed in SolidWorks was imported into Matlab-Sim Mechanics for 

visual simulation. The kinematic equations and planned trajectory equations were integrated into the 

program. The equations within the program facilitated the position control of the robotic arm. The robotic 

arm underwent tests for repeatability and accuracy following the establishment of position control. 

Subsequently, the microcontroller connections were made to verify the precision of the end effector's 

coordinate values. 
 
Keywords – Spherical Robot, Gripper Design, Robot Kinematics, Robot Dynamics, Trajectory Planning, Industrial Robotic 

Arm. 

 

I. INTRODUCTION 

 

The indispensable component of Industry 4.0, where the Internet of Things facilitates 

communication and smart manufacturing occurs, is industrial robots. Countries seeking to increase their 

share in the global economy by enhancing the use of industrial robots are preparing themselves for the 

industry 4.0 revolution. According to the accepted definition by the Robotics Institute of America, a robot 

is a reprogrammable multifunctional manipulator designed to transport items, parts, tools, or special 

devices through programmed movements to perform various tasks (Siciliano, Sciavicco, Villani, and 

Oriolo, 2009). The most comprehensive definition of an industrial robotic arm, according to the ISO 8373 
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standard, describes it as an automatic or controlled, reprogrammable, multi-purpose manipulator that can 

be fixed or mobile and programmable on three or more axes for use in industrial automation applications 

(“ISO 8373:2012(en), Robots and robotic devices—Vocabulary,” n.d.). During the manufacturing phase 

of a product, it is necessary to transport it from one location to another to proceed through stages such as 

production, assembly, packaging, and storage. During the transport phase, the robot moves the object 

along a predetermined path without subjecting it to any physical changes, with primary applications 

including palletizing (arranging items in a structured manner on a pallet), feeding parts to machining 

stations, sorting parts, and packaging (Siciliano et al., 2009). In addition to these applications, the 

transport between different production lines is facilitated by Automated Guided Vehicles (AGVs), which 

move along predefined paths, as illustrated in Figure 3.6 (Micieta et al., 2015). The workspace of a 

robotic manipulator is defined as the set of points that can be reached by the end effector (Cao, Lu, Li, 

and Zang, 2011). Any modification made to an object (i.e., a physical model change) or changes in the 

environment alter the motion of the robot within its workspace. The degree of freedom, which measures 

the mobility of the robotic arm, refers to the number of independent joint variables necessary to determine 

the position of all the arm’s links in space. This number is equal to the minimum number of joints that 

need to be actuated to control the system (Briot and Khalil, 2015). To perform a desired task, the robotic 

arm must have a sufficient degree of freedom. Typically, three degrees of freedom are used to place an 

object in a desired position in space. If there are more degrees of freedom than task variables, the 

manipulator is considered unnecessary from a kinematic perspective (Siciliano et al., 2009). Two-fingered 

or two-claw grippers are considered the most basic robotic end effectors due to their ease of use, 

simplicity in production, cost-effectiveness, and suitability for various industrial applications. Robots 

equipped with such end effectors are employed in tasks such as assembly, part pick-and-place operations, 

and simple manipulations (Samadikhoshkho, Zareinia, and Janabi-Sharifi, 2019). In pneumatic end 

effectors, the opening and closing actions are achieved using compressed air. Pneumatic end effectors are 

popular due to their compact size and lightweight, making them easy to incorporate into narrow spaces in 

the manufacturing industry (“Grippers for Robots,” n.d.). The advantage of the Lagrange-Euler approach 

lies in its ability to express the final closed-form equations simply in physical terms using terms such as 

manipulator inertia, gravity, friction, and Coriolis and centripetal forces (Schilling, 2003). In 1955, 

Denavit and Hartenberg defined matrices showing the transformation and rotational relationships between 

adjacent joints by placing a coordinate system at each joint (Fu, Gonzalez, and Lee, 1987). A PID control 

was applied to the manipulator of a Puma-type robot arm with three degrees of freedom. Initially, forward 

kinematic calculations were performed using the Denavit-Hartenberg method. The inverse kinematic 

equations were derived from the resulting equations in matrix algebraic form. The dynamic equations 

were found using the Lagrange-Euler method. A cycloid, harmonic, and polynomial path function were 

provided as inputs to the system. The analysis revealed that the harmonic path function was more 

advantageous (Duran and Ankaralı, 2010). First, parameters related to the forward kinematic equations 

were obtained using the Denavit-Hartenberg method. Subsequently, nonlinear dynamic equations were 

developed for the robotic arm. Three different applications of PID control were conducted based on a 

linearization model at the equilibrium point using Matlab/Simulink, and finally, the robot's feedback 

linearization was applied. A comparison was made among these three controllers (Mustafa and Al-Saif, 

2014). 

In this study, the design and fabrication of a two-axis robotic arm capable of tracing a global 

trajectory have been carried out. Kinematic analyses were conducted using Matlab Simulink. The 

completed design and assembly of the robotic arm were integrated into Matlab Simulink using the Sim 
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Mechanics Link from SolidWorks. In the Matlab Sim Mechanics environment, block diagrams for the 

joints and links of the robotic arm were created. Forward kinematic calculations were performed using the 

Denavit-Hartenberg method, leading to the derivation of inverse kinematic equations in matrix algebraic 

form. The dynamic equations were established using the Lagrange-Euler method. While the motion 

messages and graphical representation of the robotic arm were processed through Matlab, encoder data 

reading and PID control of the servo motors were conducted via Arduino. For axis movements, the servo 

motors were driven with PWM signals under PID control using an Arduino Uno microcontroller. 

II. MATERIALS AND METHODS 

 

In this study, the aim was to design a pick-and-place robotic arm. In this context, a two-axis 

robotic arm capable of tracing a global trajectory was created using SolidWorks. Assembly conflicts were 

resolved during the process. 

For motor selection, the Panasonic Minas A5 (MSME204G1G) servo motor was utilized. 

Considering the inertia generated by this motor, St52 steel was chosen for the body, and the design was 

developed accordingly. St52 steels, known for their high welding performance, are suitable for the overall 

structure of the robotic arm. Additionally, the amount of load the robotic arm is expected to lift was 

calculated while taking into account parameters such as precision, usability, and controllability in the 

industry. The technical specifications of the AC servo motor and gearbox used in the robotic arm are 

presented in Tables 1 and 2. 
 

Table 1. Features of AC Servo motor used 

Axis Motor Type 

Engine 

Power 

(kW) 

Velocity 

(dev/dk) 

Motor Torque 

(N.m) 

1 ve 2 
Panasonic Minas A5 

(MSME204G1G) 
2 3000 6,37 

 

Table 2. Gearbox features used 

Reducer Type Reducer Ratio 

Planetary Gear Reducer 

(Apex Dynamics PEII120) 
1/25 

 

 

Figure 1 Control chart 
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An Arduino Uno microprocessor was used to control the motor (Figure 2) 

 

 

Figure 2 Robot arm feedback block diagram 

 

The location information sent from the computer via the Matlab interface is transmitted to the 

motor driver with Arduino. After the motor drive positions of the motor, feedback is provided from the 

encoder to the Arduino. After the encoder information is processed in the Arduino, feedback is given to 

the Matlab interface on the computer. Incoming information is converted into graphs by storing the data 

in Matlab. 

 

The dimensions and general appearance of the solid model of the robotic arm used in this study 

are shown in Figure 3 
 

 
Figure 3 Robot arm  
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Figure 4 Designed robot arm axis assignments 

After the axis assignments of the designed robot arm are made, the D-H parameters are given in Table 3. 
 

Table 3 Table of D-H parameters 

Axis No D-H Variables 

İ 𝛂𝐢−𝟏 𝐚𝐢−𝟏 𝐝𝐢 𝛉𝐢 

1 0° 0 L1 θ1 

2 −90° 0 0 θ2 

3 0° L2 0 0° 

4 0° 0 L3 θ3 = −θ2 

 

Joint transformation matrices are created. 
 

 𝑇4
0 = [

𝑐𝑜𝑠𝜃1 0 −𝑠𝑖𝑛(𝜃1) −𝑠𝑖𝑛(𝜃1)𝐿3 + 𝑐𝑜𝑠(𝜃1)𝑐𝑜𝑠(𝜃2)𝐿2

𝑠𝑖𝑛𝜃1 0 𝑐𝑜𝑠𝜃1 𝑐𝑜𝑠(𝜃1)𝐿3 + 𝑠𝑖𝑛⁡(𝜃1)𝑐𝑜𝑠⁡(𝜃2)𝐿2

0 −1 0 −𝑠𝑖𝑛(𝜃2)𝐿2 + 𝐿1

0 0 0 1

] 

(1) 
 

The position vectors in the 𝑇4
0  transformation matrix is constructed as shown in Equation 1 with their 

elements in the third column of the matrix in Equation 2. 
 

 𝑃𝑥 = −𝑠𝑖𝑛(𝜃1)𝐿3 + 𝑐𝑜𝑠(𝜃1)𝑐𝑜𝑠(𝜃2)𝐿2 
𝑃𝑦 = ⁡𝑐𝑜𝑠(𝜃1)𝐿3 + 𝑠𝑖𝑛⁡(𝜃1)𝑐𝑜𝑠⁡(𝜃2)𝐿2 

𝑃𝑧 = −𝑠𝑖𝑛(𝜃2)𝐿2 + 𝐿1 (2) 
 

 

Position control: The length parameters on the robot arm are L1=523 mm, L2=565.2 mm, L3=129 

mm and L4=181.5 mm, respectively. By giving 0° to all angles, the zero position of the robot is obtained. 

Figure 5 shows the dimensions of the tip retainer element when 0° is given to the first and second axis in 

the solid modeling program. These dimensions are calculated with reference to the base point of the robot 

arm. The forward kinematics are correct because the positions Px, Py and Pz of the end function of the 

robot arm coincide with the specifications shown in Figure 5 and the values calculated in Equation 3. 
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Figure 5 Robot arm starting position (θ1 = θ2 = 0) 

 

𝜃1 = 𝜃2 = 0⁡ 
𝑃𝑥 = −𝑠𝑖𝑛(0) 𝐿3 + 𝑐𝑜𝑠(0) 𝑐𝑜𝑠(0) 𝐿2 = 𝐿2 
𝑃𝑦 = 𝑐𝑜𝑠(0) 𝐿3 + 𝑠𝑖𝑛(0) 𝑐𝑜𝑠(0) 𝐿2 = 𝐿3 

𝑃𝑧 = −𝑠𝑖𝑛(0) 𝐿2 + 𝐿1 = 𝐿1 
(𝑃𝑥 , 𝑃𝑦 , 𝑃𝑧) = (565.2, 129, 523) (3) 

To determine the positive and negative direction of rotation of the robot arm, if -30 degrees are 

given to the first axis and -60 degrees to the second axis, for example, the position values in Equation 4 

are obtained.  
 

 𝜃1 = 30°, 𝜃2 = 90° 
𝑃𝑥 = − 𝑠𝑖𝑛(−𝜋/6) 𝐿3 + 𝑐𝑜𝑠(−𝜋/6) 𝑐𝑜𝑠(−𝜋/3) 𝐿2 = 309.2 
𝑃𝑦 = 𝑐𝑜𝑠(−𝜋/6) 𝐿3 + 𝑠𝑖𝑛(−𝜋/6) 𝑐𝑜𝑠(−𝜋/3) 𝐿2 = −29.6 

𝑃𝑧 = −𝑠𝑖𝑛 (−
𝜋

3
) 𝐿2 + 𝐿1 = 1012.4 

(𝑃𝑥 , 𝑃𝑦 , 𝑃𝑧) = (309.2, −29.6, 1012.4) (4) 
 

As a result of the values derived from the advanced kinematic equations, the position of the robot 

arm is visually shown in Figure 6. In the advanced kinematics of the robot arm, the axis set thrown at the 

base point is taken as reference. The directions of rotation are shown in Figure 7 For the first and second 

axis, it is seen that the counterclockwise is positive. 



International Journal of Advanced Natural Sciences and Engineering Researches 

 

165 
 

 

Figure 6 Position on the gripper given -30° to the first axis and -60° to the second axis 

 

Figure 7 Axes positive directions of rotation 

 

Inverse kinematic analytical solution: The advanced kinematics of the robot arm with six degrees of 

freedom is shown in Equation 5. Equation 6 shows the matrix containing the position and direction 

information of its matrix T6
0 . 

 

 𝑇6
0 = 𝑇⁡1

0 𝑇⁡2
1 𝑇3

2 𝑇⁡4
3 𝑇⁡⁡5

4 𝑇6
5  (5) 

 

 

𝑇6
0 = [

𝑟11 𝑟12 𝑟13 𝑝𝑥

𝑟21 𝑟22 𝑟23 𝑝𝑦

𝑟31 𝑟32 𝑟33 𝑝𝑧

0 0 0 1

] 

(6) 
 

The main trigonometric formulas used in inverse kinematics are: 
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 𝑐𝑜𝑠 𝜃 = 𝑎⁡⁡⁡𝑖𝑠𝑒⁡⁡⁡𝜃 = 𝐴𝑡𝑎𝑛2 (√1 − 𝑎2, 𝑎) (7) 
 𝑠𝑖𝑛𝜃 = 𝑎⁡⁡⁡𝑖𝑠𝑒⁡⁡⁡𝜃 = 𝑎𝑟𝑐𝑡𝑎𝑛2 (𝑎, ±√1 − 𝑎2) (8) 
 𝑐𝑜𝑠𝜃 = 𝑎⁡⁡⁡𝑣𝑒⁡⁡⁡𝑠𝑖𝑛𝜃 = 𝑏⁡⁡⁡𝑖𝑠𝑒⁡⁡⁡𝜃 = 𝑎𝑟𝑐𝑡𝑎𝑛2𝑏, 𝑎 (9) 
 𝑎⁡𝑠𝑖𝑛𝜃 + 𝑏⁡𝑐𝑜𝑠 𝜃 = 0⁡⁡⁡𝑖𝑠𝑒⁡ 

𝜃 = 𝑎𝑟𝑐𝑡𝑎𝑛2(−𝑏, 𝑎)⁡⁡⁡𝑣𝑒𝑦𝑎⁡⁡⁡𝑎𝑟𝑐𝑡𝑎𝑛2(𝑏, −𝑎) (10) 
 𝑎𝑠𝑖𝑛𝜃 + 𝑏𝑐𝑜𝑠𝜃 = 𝑐⁡⁡⁡𝑖𝑠𝑒 

𝜃 = 𝑎𝑟𝑐𝑡𝑎𝑛2(𝑎, 𝑏) + 𝑎𝑟𝑐𝑡𝑎𝑛(±√𝑎2 + 𝑏2 − 𝑐2, 𝑐) (11) 

 

The inverse of the first joint is multiplied by the matrix representing the forward direction 

kinematics. 

 

( 𝑇1
0 )−1. 𝑇4

0 = [

𝑐𝑜𝑠𝜃1 𝑠𝑖𝑛𝜃1 0 0
−𝑠𝑖𝑛𝜃1 𝑐𝑜𝑠𝜃1 0 0

0 0 1 −𝐿1

0 0 0 1

] [

𝑟11 𝑟12 𝑟13 𝑝𝑥

𝑟21 𝑟22 𝑟23 𝑝𝑦

𝑟31 𝑟32 𝑟33 𝑝𝑧

0 0 0 1

] 

 

= [

𝑐𝑜𝑠𝜃1𝑟11 + 𝑠𝑖𝑛𝜃1𝑟21 𝑐𝑜𝑠𝜃1𝑟12 + 𝑠𝑖𝑛𝜃1𝑟22 . .
−𝑠𝑖𝑛𝜃1𝑟11 + 𝑐𝑜𝑠𝜃1𝑟21 −𝑠𝑖𝑛𝜃1𝑟12 + 𝑐𝑜𝑠𝜃1𝑟22 . .

𝑟31 𝑟32 . .
0 0 . .

 

 
. . 𝑐𝑜𝑠𝜃1𝑟13 + 𝑠𝑖𝑛𝜃1𝑟23 𝑐𝑜𝑠𝜃1𝑝𝑥 + 𝑠𝑖𝑛𝜃1𝑝𝑦

. . −𝑠𝑖𝑛𝜃1𝑟13 + 𝑐𝑜𝑠𝜃1𝑟23 −𝑠𝑖𝑛𝜃1𝑝𝑥 + 𝑐𝑜𝑠𝜃1𝑝𝑦

. . 𝑟33 𝑝𝑧−𝐿1

. . 0 1

] 

 

 

(12) 
 

The product of the transformation matrices is shown in equation 13  
 

 

𝑇. 𝑇. 𝑇 =4
3

[
 
 
 
𝑐𝑜𝑠𝜃2

2 + 𝑠𝑖𝑛𝜃2
2 0 0 𝑐𝑜𝑠𝜃2𝐿2

0 0 1 𝐿3

0 −𝑠𝑖𝑛𝜃2
2−𝑐𝑜𝑠𝜃2

2 0 −𝑠𝑖𝑛𝜃2𝐿2

0 0 0 1 ]
 
 
 

3
2

2
1  

(13) 
 

The equalization of the elements in the third column of matrices in these equations is shown in 

Equations 14-15-16. Using these synchronizations, angle values are arrived at from the given position 

values Px, Py, and Pz.  
 𝑐𝑜𝑠𝜃1𝑝𝑥 + 𝑠𝑖𝑛𝜃1𝑝𝑦 = 𝑐𝑜𝑠𝜃2𝐿2 (14) 
 

 −𝑠𝑖𝑛𝜃1𝑝𝑥 + 𝑐𝑜𝑠𝜃1𝑝𝑦 = 𝐿3 (15) 
 

 𝑝𝑧−𝐿1 = −𝑠𝑖𝑛𝜃2𝐿2 (16) 
 

The process of squaring both sides of the equation in Equation 14 is shown in Equation 17. 
 

 (𝑐𝑜𝑠𝜃1𝑝𝑥 + 𝑠𝑖𝑛𝜃1𝑝𝑦)2 + (−𝑠𝑖𝑛𝜃1𝑝𝑥 + 𝑐𝑜𝑠𝜃1𝑝𝑦)2 = (𝑐𝑜𝑠𝜃2𝐿2)
2 + (𝐿3)

2 (17) 
 

If the expression in Equation 19 is simplified and written instead of L2 and L3, Equation 18 is 

obtained. 
 

 (𝑝𝑥)
2 + (𝑝𝑦)2 = (3.1945104 ∗ 10^5)⁡𝑐𝑜𝑠𝜃2

2 + 16641 (18) 
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The equation in Equation 8 is solved by applying the trigonometric expression in Equation 10. 

Thus, given the position values Px and Py, the amount of rotation required for the second axis (θ2) is 

determined. 
 

 

𝑎 = cos 𝜃2 = √
(𝑝𝑥)

2 + (𝑝𝑦)2 − 16641

3.1945104 ∗ 10^5
 

𝜃2 = ⁡𝐴𝑡𝑎𝑛2(√1 − 𝑎2, 𝑎) (19) 
 

The amount of angular rotation of the first axis can be obtained from Equation 15. In the solution 

of this equation, the trigonometric expression in Equation 7 is applied. Equation 20 illustrates the solution 

steps.  
 

 −𝑠𝑖𝑛𝜃1𝑝𝑥 + 𝑐𝑜𝑠𝜃1𝑝𝑦 = 𝐿3 = 129 = 𝑐 

𝑎 = 𝑃𝑥, 𝑏 = 𝑃𝑦 

𝜃1 = ⁡𝑎𝑟𝑐𝑡𝑎𝑛2(𝑎, 𝑏) + 𝑎𝑟𝑐𝑡𝑎𝑛(±√𝑎2 + 𝑏2 − 𝑐2, 𝑐) (20) 
 

After obtaining the inverse kinematic equations (Equation 19 and Equation 20) of the robot arm, 

three Px, Py and Pz positions were given and angle values were found to test its accuracy as shown in 

Table 4. There are two possibilities in the angle values, and the correct probability is shown in bold 

format. 
 

Table Hata! Belgede belirtilen stilde metne rastlanmadı. Table of D-H parameters 

Reverse Kinematics 

  
Input Output 

𝑷𝒙 𝑷𝒚 𝑷𝒛 𝜽𝟏 𝜽𝟏 𝜽𝟐 𝜽𝟐 

Trial 1 309,24 -29,58 1012,48 -29,99 -160,00 60,00 -60,00 

Trial 2 88,11 410,61 922,66 -84,22 59,99 45,00 -45,00 

Trial 3 254,90 437,33 805,60 -105,47 44,99 29,99 -29,99 

 

The system response was observed with some values obtained using the Ziegler-Nichols method. 

Approximate kp=0.0473, ki=1E-4 and kd=1E-4 values were found for the 1st axis. Approximate 

kp=0.0253, ki=1E-4 and kd=1E-5 values were found for the 2nd axis. The robot arm, which was designed 

and assembled, was also integrated from Solidworks to Matlab Simulink using Sim Mechanics Link. 

Block diagrams of the joints and limbs of the robot arm were created in the Matlab Sim Mechanics 

environment. The created block diagram is shown in Figure 8. 
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Figure 8 Matlab Simulink block diagram of the robot arm 

In the block diagram, a visual simulation of the robot arm was created by driving the joints. The 

image of the robot arm after running the simulation is shown in Figure 9. The figure is created by giving 

30° for the first axis and -45° for the second axis. This simulation was made ready for different studies to 

be carried out later. 

 

Figure 9:  Robot arm simulation 

Creation of the dynamic model of the robot arm by the Lagrangian Euler method: The 

expression due to the movement of the robot arm is shown in Equation 21. The unfolded version of this 

expression is shown in Equation 22 (Bingül and Küçük, 2017b). 
 

 𝑑

𝑑𝑡
(
𝜕𝐿

𝜕𝑞̇
) −

𝜕𝐿

𝜕𝑞
= 𝜏 (21) 

 

 𝑑

𝑑𝑡
(
𝜕𝐾

𝜕𝑞̇
) −

𝜕𝐾

𝜕𝑞
+

𝜕𝑃

𝜕𝑞
= 𝜏 (22) 
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If substituted in the equation expressing kinetic and potential energies and friction losses are 

neglected, the general expression in Equation 23 is obtained (Bingül and Küçük, 2017b). 
 

 
∑𝐷𝑖𝑗(𝑞)𝑞𝑗̈

𝑛

𝑗=1

+ ∑ ∑ 𝑐𝑘𝑗
𝑖 (𝑞)𝑞𝑘̇

𝑛

𝑗=1

𝑛

𝑘=1

+ 𝑦𝑖(𝑞) + 𝑏𝑖(𝑞) = 𝜏𝑖  (23) 

 

The first term in Equation 23 represents the acceleration due to the torque and intrinsic forces 

exerted on the joints during the robot's motion. The second term shown in Equation 24 represents the 

Coriolis and Centrifugal force vector of the robot arm (Bingül and Küçük, 2017b).  

The Coriolis Effect is the deflection that occurs in an object moving on a rotating platform. On a 

platform with clockwise rotation, the deflection is to the left of the object's movement; In another with a 

counterclockwise rotation, the deflection is to the right. The Coriolis effect on the robot arm is when one 

limb rotates over the other rotating limb, creating a deviation or error in the target (Thomas, 2016).  

Centrifugal Force is a force that pulls an object out of the center of the curve as it moves in a 

curved path. 
 

𝑐𝑘𝑗
𝑖 (𝑞) =

𝜕

𝜕𝑞𝑘

𝐷𝑖𝑗(𝑞) −
1

2

𝜕

𝜕𝑞𝑘

𝐷𝑘𝑗(𝑞)1 ≤ 𝑖, 𝑗, 𝑘 ≤ 𝑛 (24) 

 

The third term in Equation 4.82 symbolizes gravitational acceleration and its unfolded form is 

shown in Equation 25 (Bingül and Küçük, 2017b). 
 

𝑦𝑖(𝑞) = − ∑ ∑𝑔𝑘𝑚𝑗

𝑛

𝑗=1

𝐴𝑘𝑖
𝑗

(𝑞)

3

𝑘=1

 (25) 

As a result, when friction forces are neglected, the dynamical equation of the robot arm is 

expressed in Equation 26 (Bingül and Küçük, 2017b). 
 

 𝐷(𝑞)𝑞̈ + 𝐶(𝑞, 𝑞̇) + 𝐺(𝑞) = 𝜏𝑖  (26) 
   

Simulation model of the designed robot arm: The mass, center of mass and moment of inertia 

information of each limb of the designed robot arm were obtained from the mass properties section of the 

calculate tab in the Solidworks program. The data obtained are shown in Figures 10-11 and 12. 

 

Figure 10 Mass, center of mass, and moment of inertia of the first axis in the robot arm  
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Figure 11 Mass, center of mass, and moment of inertia of the second axis on the robot arm 

 

Figure 12 Mass, center of mass, and moment of inertia of the end functioner on the robot arm 

The data obtained from the mass properties of the robot arm were used in the Lagrange Euler 

equation to calculate the general mass matrix of the robot arm, Coriolis and Centrifugal Forces and the 

torque values acting on the additions. The dynamic simulation model of the robot arm was created with 

block diagrams as shown in Figure 13 in the Simulink section of the Matlab program.  
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Figure 13 Robot arm Matlab -Simulink simulation model 

After the block diagram was created and the codes were entered into the Matlab program, the 

simulation was run for 10 seconds. As a result of the simulation: Position, velocity and acceleration 

graphs of the joints are shown in Figures 14-15 and 16, Coriolis and Centrifugal Forces in Figure 17, 

Gravitational forces are shown in Figure 18, Torque forces in Figure 19. The general mass matrix 

elements are given in Figure 20. 

 

Figure 14. Position, velocity, and acceleration time graphs of the first addition 
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Figure 15. Timegraphs of position, velocity, and acceleration of the second addition 

 

Figure 16. Position, velocity, and acceleration time graphs of the third addition 
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Figure 17 Coriolis and Centrifugal Forces 

 

Figure 18. Gravity vectors 
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Figure 18 Torque values 
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Figure 20. General mass matrix elements 
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Microprocessor (Arduino Uno) and Matlab Serial Communication: The robot arm was driven 

by establishing serial communication between Matlab and the Arduino program. While the motion 

messages and graphics creation of the robot arm were done via Matlab, the encoder data reading and PID 

control of the servo motors were done via Arduino. The PID control of the motors was created by using 

the Arduino library. The graphs obtained as a result of driving the robot arm are shown in chapter 21. 

While creating the graph, the sampling period was determined as 100 ms experimentally based on the 

processor speed and the accuracy (stability) of the graph. An example of a gesture message is: 

When 11 is entered in the message Which axes will move, it will move in two axes. 

When 110100015 is entered in the 1st axis motion message, that is, the first axis will make a 15° 

angle in the positive direction and the graph will be created with a sampling period of 100 ms. 

When -110100035 is entered into the 2nd axis motion message, the first axis will make a 35° 

angle in the negative direction and the graph will be created with a sampling period of 100 ms. 

The 14-bit encoder integrated into the rear of the motor driver is set to be 30000 pulses at 1 

revolution. When the desired angle values are entered into the system on the robot arm, the axes move at 

the same time and the axis that reaches the desired angle stops. To test the robot arm, absolute error, 

relative error rates, and standard deviations were calculated by giving sample angle values.  

When the first axis of the robot arm is given -30° and the second axis is given -60°, the graphs of 

position, velocity, acceleration and position time graphs of the end functionor are given in Figure 21.  

 

Figure 21. Position, velocity, acceleration and position time graphs of the end functioner in the -30° and -60° operating range 

When the position time graph was examined, the absolute error values were calculated as (0.08) 

and (0.38) on the first and second axis, respectively, and the relative error values were calculated as (-

0.267%) and (-0.629%), respectively. When the speed time graph is examined, it is seen that the robot 

arm peaks at some points and moves at an average speed of 11.76 degrees/second on both axes. When the 
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acceleration time graph was examined, it was seen that although the robot arm was moving at a constant 

speed, it peaked at some points. Intermittent peaks in the charts can be caused by the following reasons: 

Bedding problem 

Stability problem in design 

Interference caused by the circuit  

Tooth gap in the gearbox used 

When the position time graph of the end functioner is examined, the absolute error values in the x, 

y and z axes are (2.838), (2.092) and (1.523), respectively, while the relative error values are (0.926%), (-

7.91%) and (0.15%). 

When the first axis of the robot arm is given 37° and the second axis is given -43°, the graphs 

formed are given in Figure 22, respectively, the position, velocity, acceleration and position time graphs 

of the end functionor.  

 

Figure 22 Data from the encoder given 37° to the first axis and -43° to the second axis 

When the position time graph was examined, the absolute error values were calculated as (0.05) 

and (0.1) on the first and second axis, respectively, and the relative error values were calculated as 

(0.135%) and (-0.232%), respectively. When the speed time graph is examined, the robot arm moves at an 

average speed of 11.76 degrees/second in both axes. When the acceleration time graph was examined, it 

was seen that although the robot arm was moving at a constant speed, it peaked at some points. The 

intermittent peaks that occur in the graphs are also based on the reasons in the previous graph. When the 

position time graph of the end functioner is examined, the absolute error values in the x, y and z axes are 

(0.19), (0.69) and (0.735), respectively, while the relative error values are (0.075%), (0.197%) and 

(0.081%). 

The position time graph that occurs when the robot arm is given values of 45° to the first axis and 

-30° to the second axis, and this process is set to the number of repetitions of 10, is given in Figure 23. 
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Figure 23. First and second axis position-time graph (Number of Repetitions = 10) (θ1 = 45°, θ2 = −30°) 

The position time graph that occurs when the robot arm is given values of 45° to the first axis and 

-45° to the second axis and this process is set to the number of repetitions of 10 is given in Figure 24.  
 

 

Figure 24 First and second axis position-time graph (Number of Repetitions = 30)⁡(θ1 = 45°, θ2 = −45°) 

III. CONCLUSIONS  

In this study, the design and production of a two-axis, spherical trajectory tracking robotic arm 

was carried out. The coordinates at which the robotic arm will move were obtained and controlled by 

forward and inverse kinematic calculations. These calculations were verified by sample angle values. The 

resulting kinematic equations were embedded in the Matlab interface. Sim Mechanics was used in Matlab 

Simulink. The dynamical equations found by the Lagrange-Euler method and the equations created by 

trajectory planning were defined in the Matlab-Simulink program. Block diagrams of the joints and limbs 
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of the robot arm were created in the Matlab Sim Mechanics environment. After the block diagram was 

created and the codes were entered into the Matlab program, the simulation was run for 10 seconds. As a 

result of the simulation, Position, velocity and acceleration graphs of the joints, Coriolis and Centrifugal 

Forces, Gravitational forces, Torque forces, General mass matrix elements were obtained graphically. 

During the trial phase of the designed robotic arm, it is important to note that the deviation and 

error values of the sample angle values, and the repetitive movements, process or operation do not require 

extremely high precision. However, based on the deviation values in the graphs, some manufacturing 

defects were observed in the experimental setup. These errors and deviations have led to the conviction 

that this robot arm is suitable for rough work. In the next study, these will be addressed with design 

corrections and manufacturing corrections. In addition, by selecting the appropriate PID values and 

adjusting the engine characteristics, deviations in the trajectory can be optimized. Using the Ziegler-

Nichols method, approximate kp, ki and kd values were found by using the most appropriate PID values. 

The robotic arm and end effector are designed considering the different materials as well. With 

robotic arm, it can be used for different purposes by using different end effectors. In this study, the BAP 

research project was supported. In the next study, trajectory optimization will be studied, and image 

processing and artificial intelligence will be used. 
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