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Abstract: In this study, a gantry type welding robot having three prismatic and two rotational 

joints was used. By creating the kinematic diagram of this robot in Cartesian space its inverse 

kinematic equations were obtained. Denavit-Hartenberg rules defining the movement of one-

link relative to another, were applied in drawing the kinematic diagram. The D-H method 

provides great easiness in forward and inverse kinematics calculations. With this method, 

the D-H parameters table to be used in kinematic calculations was created and inverse 

kinematic equations were obtained. Using inverse kinematic equations, the known position 

and orientation of the robot's end effector and the parameters of the position and orientation 

of each link were obtained. All these kinematic calculations were performed with a user 

interface software (GUI) prepared in Microsoft Visual Studio C# program. In this software, 

Mach3 program was also used as an assistant to control the motors with the position and 

orientation information obtained for each motor. In this way, a smooth welding application 

in the desired position and orientation is aimed.  

 

 

5 DOF Gantry Tip Bir Kaynak Robotunun Ters Kinematik Hesaplamaları  
 

 

Anahtar Kelimeler 

Homojen dönüşüm 

matrisi, 

Kinematik diyagram, 

Ters kinematik,  

Denavit-Hartenberg 

(D-H) yöntemi 

Öz: Bu çalışmada, üç adet prizmatik ve iki adet döner ekleme sahip gantry tipi bir kaynak 

robotu kullanılmıştır. Bu robotun Kartezyen uzayında kinematik diyagramı oluşturularak 

ters kinematik denklemleri elde edilmiştir. Kinematik diyagramın çizilmesinde bir uzvun 

diğerine göre hareketini tanımlayan Denavit Hartenberg kuralları uygulanmıştır. D-H 

yöntemi, ileri ve ters kinematik hesaplamalarında oldukça kolaylık sağlamaktadır. Bu 

yöntem ile kinematik hesaplamalarda kullanılacak olan D-H parametreleri tablosu 

oluşturulmuş ve ters kinematik denklemler elde edilmiştir. Ters kinematik denklemler 

kullanılarak robotun uç efektörünün bilinen konum ve yönelimi ile her bir uzvun konum ve 

yönelimine ait parametreler elde edilmiştir. Tüm bu kinematik hesaplamalar Microsoft 

Visual Studio C# programında hazırlanan bir kullanıcı arayüz yazılımı (GUI) ile 

gerçekleştirildi. Bu yazılımda ayrıca her bir motora ait elde edilen konum ve yönelim 

bilgileri ile motorların kontrolünü yapabilmek için yardımcı olarak Mach3 programı 

kullanılmıştır. Bu sayede istenilen konum ve yönelimde düzgün bir kaynak uygulaması 

hedeflenmiştir. 

 

1. INTRODUCTION 

 

A robot is a multifunctional manipulator that can be 

created and programmed to perform a set of desired 

movements. According to ISO Standard 8373:1994, 

industrial robots should also have three or more joints. 

Robots are used in the manufacturing, transportation, etc. 

of many products in the industry, provide many 

advantages in the processes in which they are used. These 

can be listed as speed, positioning accuracy, repeatability 

in operations, durability, safety, etc. Robots should be 

easily programmable in order to perform the operations 

given in production. Therefore, kinematic and dynamic 
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equations of the manipulator movements must be 

obtained [1-4]. 

 

The subfield of mechanics known as kinematics studies a 

mechanism's displacement, acceleration, and speed 

independent of the forces and moments forcing it to move 

[3].  

 

The analytical study of manipulator movements is known 

as "robot kinematics". Kinematic modelling is very 

important for the analysis of the movements of the robot.  

In kinematic modelling, two space systems called three-

dimensional Cartesian and four-dimensional Quaternion 

space are used [5]. Since the transformation data used in 

Cartesian Space is done using matrices or vectors, this 

model is called “point transformation”. In Quaternion 

Space, linear vectors and quaternions are used to create 

the kinematic model, so this model is called “linear 

transformation method”. Although Quaternion space 

provides ease of use in theoretical application with the use 

of complex numbers and is a method that provides faster 

results in computer environment, it is not preferred as 

much as Cartesian space in practice [6]. 

 

In Cartesian space geometry, five methods are generally 

used for kinematic modelling of the robot. These are the 

Homogeneous transformation method, Exponential 

method, SRK (Zero Reference Position) method, Pieper-

Roth method, and TPS (Fully and Parametrically 

Continuous) method [6]. 

 

In the Cartesian coordinate, the transformation of robot 

arms relative to each other system is defined in two ways 

as rotation and translation. These transformations can be 

performed using the following methods: The definition of 

the Euler angle, calculation of the Gibbs vector, 

application of the Cayley-Klein parameters, Pauli spin 

matrices, orthonormal matrices, axis-angle, and Hamilton 

quaternions. In these expressions, homogeneous 

transformations based on 4x4 real matrices, called 

orthonormal matrices, are most widely used. In 1955, 

Denavit and Hartenberg found that the general 

transformation of the axes of two joints with respect to 

each other depends on four parameters. These parameters, 

called Denavit-Hartenberg (D-H) parameters, have been 

standardized to generate the kinematics of the robot [7]. 

Robot kinematics is analyzed in two parts as forward and 

inverse kinematics. Forward kinematics examines the 

relationships between the positions, velocities and 

accelerations of the robot links in space and the 

transformation matrices showing the relationship between 

the links are obtained. Inverse kinematics is the inverse of 

forward kinematics, where the link parameters are 

calculated based on the position and orientation values of 

the end-effector.  Forward kinematics solutions are simple 

and straightforward. Therefore, we can say that the 

forward kinematic equation solutions of all manipulators 

can be obtained. On the other hand, inverse kinematic 

solutions of manipulators are a more difficult problem and 

solutions may not always be obtained. Inverse kinematics 

solutions for manipulators are primarily needed for 

calculating the torques of actuator joints and trajectory 

planning. The relationship between forward and inverse 

kinematics is shown in Figure 1 [8]. 

 

 
Figure 1. Schematic representation of the relationship between inverse 
kinematics and forward kinematics 

 

There are many studies in the literature on forward and 

inverse kinematics: 

 

Karakoyun et al. [1], in their study used the Bees 

Algorithm to determine the PID parameters for position 

control of a robot arm. In this study, mathematical 

modelling of the robot arm was performed with dynamic 

and kinematic calculations. Based on the simulations and 

calculations obtained, it was observed that the algorithms 

used to determine these parameters produced accurate 

results, and the robot's limb successfully reached the 

targeted reference point. 

 

Altawile et al. [2], in their study realized a new 

methodology for the multitasking of a 2-wrist, 4-degree-

of-freedom robotic arm to be used in agricultural 

applications.  In this study, they used the Denavit-

Hardenberg (D-H) method together with Lagrangian 

mechanics for kinetic and kinematic calculations of the 

robot. 

 

Two different spaces, Cartesian and Quaternion, are used 

for kinematic modelling of robots. Some of the kinematic 

equation methods used in these models are suitable for 

forward kinematics, while others are useful for inverse 

kinematic solutions. When describing the same kinematic 

relation, the matrices obtained from the methods in 

Cartesian space contain more elements than the vector 

obtained in Quaternion space. Therefore, in a computer 

environment, the kinematic method described in 

Quaternion space works faster than the kinematic 

methods described in Cartesian space. 

 

Kütük et al. [5], had used the Matlab programme to 

conduct forward and inverse kinematic analysis of a 6-

axis DENSO robot with using a fully analytical solution. 

The Robotic Toolbox in Matlab® was included in studies 

of GUI (user interface) software, and simulation examples 

were obtained with this modelling. The outcomes were 

found to be identical when compared to analytical 

solutions. 

 

Tonbul et al. [9], conducted inverse kinematic 

computations and trajectory planning of a five-axis 

Edubot robot with using the Matlab 5.02 program in their 

studies. They also observed changes in the robot's arms' 

joint angles, angular speeds, and angular accelerations 
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with time, and then applied the findings to the Edubot 

robot. 

 

Kebria et al. [10], have simulated the mathematical 

kinematics and dynamics of a UR5 (universal robot) robot 

with 6 degrees of freedom by creating a position control 

system with a set of Matlab and Simmechanics models. 

Forward and inverse kinematics calculations were 

performed using DH parameters. The models are publicly 

available and can be easily used in Matlab environment. 

 

Kaya et al. [11], created a D-H table according to the 

transformations of the lengths and axes of the robot arm 

produced from PLA material by additive manufacturing 

method in their study. According to this table, 

transformation matrices were found and forward and 

inverse kinematic calculations were obtained. In the 

study, image processing techniques and U2 -Net artificial 

intelligence technique were used to detect objects and 

calculate their center of gravity. 

 

Duran et al. [12], used the PID method to control the 

trajectory of a PUMA type robot arm with three degrees 

of freedom in their study. The joint parameters required 

for trajectory control using Cartesian coordinates were 

calculated using the inverse kinematics method. In this 

study, the system results obtained with three trajectory 

function inputs in the form of cycloid, harmonic and 

polynomial were compared in terms of proximity to the 

targeted trajectory. 

 

Dikmenli [23], the kinematic analysis of robot was 

performed using analytical calculations in the study. 

 

Filiposka et al. [24], developed a complete kinematic 

model for a 6-degree-of-freedom gantry-type CNC 

machine in their study. Using the Denavit-Hartenberg 

method, forward kinematic analysis was performed. The 

Jacobian matrix was utilized to examine singular 

configurations, and the reachable workspace was 

visualized in the Matlab environment. The presented 

parametric solutions were offered as a reference for both 

analysis of existing systems and the design of new 

machines. 

 

In this study, the kinematic analysis of this robot was 

performed using analytical calculations. The kinematic 

diagram, frames and parameters of robot links were 

determined according to D-H rules and representation. 

Inverse kinematic equations were obtained with using D-

H representation. All of these kinematic calculations were 

performed using a graphical user GUI developed in 

Microsoft Visual Studio C#. The welding operations have 

been applied correctly in the desired position and 

orientation. 

 

2. MATERIAL AND METHOD 

 

5 Degrees of Freedom (DOF) gantry-type welding robot 

was used, as shown in Figure 2. The robot has 3 prismatic 

and 2 rotary joints called as PPPRR notation. The robot's 

X, Y, and Z axes are supported by 1300 mm-long and 200 

mm × 90 mm I-beam steel components. 

 

 
Figure 2. The welding robot's body 

 

2.1. Robot Kinematic Modelling 

 

The kinematic diagram of the robot was created in the 

Cartesian space. A schematic layout of the prismatic and 

rotational joints used in the robot was made to guide the 

robot end function from the base frame to the tool frame. 

One of the most common methods for constructing the 

kinematic diagram is D-H rules. Using the kinematic 

diagram, transformation matrices are obtained that give 

the transformation information of the joints with respect 

to each other (Figure 3).  

 

 
Figure 3. Rotational transformation based on axes 

 

In 1955, Denavit and Hartenberg developed a standard for 

drawing kinematic diagrams of robotic applications with 

a set of rules. 

 

While creating the kinematic diagram, the degree of 

freedom parameters was determined by considering the 

joint type as joint revolute and joint prismatic.  The 

parameters for rotary joints were denoted by “θ” (angle) 

and for prismatic joints were denoted by “d” (distance). In 

the kinematic diagram the join offsets are indicated by 

“d”, the link lengths are indicated by “a” and the 

numbering of the links is done according to the joint 

number.  

 

According to Denavit-Hartenberg rules, the joint axes are 

defined as following: 
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• The Z-axis is always aligned with the axis of the joint. 

If the joint is rotational, the Z-axis serves as the axis of 

rotation; for a prismatic joint, the Z-axis represents the 

axis along which the joint moves, 

 

• The X-axis must be orthogonal to both the previous and 

current Z-axes and must intersect them, 

 

• The Y-axis is determined using the right-hand rule, 

based on the assigned X and Z axes. 

 

According to Denavit-Hartenberg rules, axes Xi, Yi, Zi all 

of joints of the robot were determined and a kinematic 

diagram was created as shown in Figure 4.  

 

 
Figure 4. Determination of all axes and kinematic diagram according 

to D-H rules 
 

The D-H convention is commonly used convention for 

obtaining frames in robotic applications. According to 

Denavit-Hartenberg convention, the link parameters are 

defined as following [16- 20]: 

 

For i= 1...n;  

 

αi-1 =(link twist) the angle between Zi-1 and Zi measured 

about Xi-1;  

 

ri-1 =(link length) the distance between Zi-1 and Zi 

measured along Xi-1; 

 

di =( joint offset)  the distance between Xi−1 and Xi 

measured along Zi;  

 

θi =(joint angle)  the angle between Xi−1 and Xi measured 

along Zi;  

 

According to these D-H definitions, the parameters are 

obtained in Table1. 

 

Table 1. Robot D-H parameters 

I θi αi-1 ri di-1 

1 90 90 0 a0 

2 90 90 0 d1+a1 

3 90 -90 0 d2+a2 

4 -90 90 0 d3+a3 

5 -90+θ4 -90 0 a4 

6 θ5 0 -a6 a5 

 

where a0= 1m, a1= 0.7m, a2=0.7m, a3 =0.7m, a4= 0.1m, 

a5= 0.1m and a6 = 0.3m. 

 

 
Figure 5. Perspective view of the robot's end-effector torch unit  

 

In D-H convention, each homogeneous transformation 

matrices Hi is defined as multiplying four basic 

transformation matrices [21-26]. 

 

H= Rz,θ Transz,dTransx,aRx,α (1) 

 
𝐻𝑖

𝑖−1

= [

𝑐 𝑖  −𝑠 𝑖  0 0
 𝑠 𝑖     𝑐 𝑖 0 0

0 0 1 0
0 0 0 1

] [

1  0 0 0
0  1 0 0
0 0 1 𝑑𝑖−1

0 0 0 1

] [

1  0 0 𝑟𝑖

0  1 0 0
0 0 1 0
0 0 0 1

] [

1  0 0 0
0  𝑐 𝑗 −s 𝑗 0

0 s 𝑗 𝑐 𝑗 0

0 0 0 1

] (2) 

 

The homogeneous transformation matrix for each joint is 

obtained as following (Equation 3.). Where ci and si are 

shorthand for 𝑐𝑜𝑠𝜃𝑖  and 𝑠𝑖𝑛𝜃𝑖 and cj and sj are shorthand 

for 𝑐𝑜𝑠𝛼𝑖 and 𝑠𝑖𝑛𝛼 𝑖  respectively. 

 
𝐻𝑖

𝑖−1

= [

𝑐𝑜𝑠𝜃 𝑖  −𝑠𝑖𝑛𝜃 𝑖  𝑐𝑜𝑠𝛼 𝑖  𝑠𝑖𝑛𝜃 𝑖  𝑠𝑖𝑛𝛼 𝑖 𝑟𝑖𝑐𝑜𝑠𝜃 𝑖
 𝑠𝑖𝑛𝜃 𝑖    𝑐𝑜𝑠𝜃 𝑖𝑐𝑜𝑠𝛼 𝑖 −𝑐𝑜𝑠𝜃 𝑖𝑠𝑖𝑛𝛼 𝑖 𝑟𝑖𝑠𝑖𝑛𝜃 𝑖

0  𝑠𝑖𝑛𝛼 𝑖 𝑐𝑜𝑠𝛼 𝑖 𝑑𝑖−1

0 0 0 1

] 
(3) 

 

Equation 3. is homogeneous transformation matrix 

following by Equation 4. :  

 

𝐻𝑖
𝑖−1 = [

𝑐 𝑖  − 𝑠 𝑖𝑐 𝑗   𝑠 𝑖 𝑠 𝑗 𝑟𝑖𝑐 𝑖
 𝑠 𝑖    𝑐 𝑖𝑐 𝑗 −𝑐 𝑖  𝑠 𝑗 𝑟𝑖  𝑠 𝑖

0  𝑠 𝑗 𝑐 𝑗 𝑑𝑖−1

0 0 0 1

] (4) 

 

The DH variables in Table 1 are substituted in Equation 

4. to obtain the matrices in Equation 4.- Equation 8. :   
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𝐻0
𝑀 = [

0  0  1 0
 1   0 0 0
0 1 0 𝑎0

0 0 0 1

] (5) 

   

𝐻1
0 = [

0  0  1 0
 1   0 0 0
0 1 0 𝑑1 + 𝑎1

0 0 0 1

] (6) 

                

𝐻2
1 = [

0  0  −1 0
 1   0 0 0
0 −1 0 𝑑2 + 𝑎2

0 0 0 1

] (7) 

 

𝐻3
2 = [

0  0  −1 0
 −1   0 0 0

0 1 0 𝑑3 + 𝑎3

0 0 0 1

] (8) 

 

𝐻4
3 = [

𝑠 4 0 𝑐 4 0
 𝑐 4   0 𝑠 4 0

0 −1 0 𝑎4

0 0 0 1

] (9) 

 

𝐻5
4 = [

𝑐 5  −𝑠 5  0 𝑎5𝑐 5
𝑠 5   𝑐 5 0 𝑎5𝑠 5
0  0 1 −𝑎6

0 0 0 1

] (10) 

                   

The general homogeneous matrix used in forward 

kinematic calculations is determined. The general 

homogeneous matrix is obtained by multiplying the 

homogeneous matrices derived from the robot's base 

machine frame (denoted by “M”) to the end-effector 

frame (5th frame) as shown in Equation 11. .  

 

𝐻5
𝑀 = 𝐻0

𝑀𝐻1
0𝐻2

1𝐻3
2𝐻4

3𝐻5
4 = 𝐻0

𝑀𝐻2
1𝐻3

2𝐻4
3𝐻5

4 (11) 

 

𝐻5
4 = [

 𝑠 5  𝑐 5 0   𝑎1 − 𝑎4 + 𝑑1 + 𝑎5𝑠 5
 𝑠 4𝑐 5 −𝑠 4𝑠 5 𝑐 4    𝑎2 −  𝑎6𝑐 4 + 𝑑2 + 𝑎5𝑠 4𝑐 5

−𝑐 4𝑐 5 𝑐 4𝑠 5 −𝑠 4 𝑎0 − 𝑎3 − 𝑎5𝑐 4𝑐 5 − 𝑑3 + 𝑎6𝑠 4
0 0 0  1

] (12) 

 

2.2. Inverse Kinematic 

 

Inverse kinematic is the transformation process of 

position and orientation of robot end-effector tip from 

Cartesian space to joint space [2]. Also, determining joint 

parameters based on the end function's orientation 

(translation and rotational) data is known as inverse 

kinematics. Inverse kinematics solution is a commonly 

used and crucial technique for welding robot applications, 

handling robot applications, computing actuator joint 

torques, online control, trajectory planning, etc. 

 

While forward kinematics is used to calculate the 

configuration of the robot's kinematic chain at the targeted 

location; inverse kinematics is used to obtain the 

parameters of the joints that generate these link 

movements. Inverse kinematics is used to derive the 

mathematical expression that computes the angular values 

for each link when the desired position and orientation are 

given.  

 

𝐻5
𝑀 = [

𝑟11 𝑟12 𝑟13 𝑝𝑥

𝑟21 𝑟22 𝑟23 𝑝𝑦

𝑟31 𝑟32 𝑟33 𝑝𝑧

0 0 0 1

] is the general homogeneous 

matrix  

 

The machine link (Mth) inverse transformation matrix is 

premultiplied by each side of Equation 11. by using one 

of the matrix multiplication rules to find the identity 

matrix. It is given in Equation 13.; 

 

 
(𝐻0

𝑀)−1 ∗ 𝐻0
𝑀 = 𝐼 (13) 

 
𝐻0

𝑀 ∗ 𝐻1
0∗ 𝐻2

1∗ 𝐻3
2∗ 𝐻4

3 ∗ 𝐻5
4= 𝐻5

𝑀 (14) 

 

Both sides of the Equation 14. is multiplied by (𝐻0
𝑀)−1 

and this expression turns into the following: 

 

(𝐻0
𝑀)−1𝐻0

𝑀𝐻1
0 𝐻2

1 𝐻3
2 𝐻4

3𝐻5
4= 𝐻5

𝑀(𝐻0
𝑀)−1 (15) 

 

(𝐻0
𝑀)−1 ∗ 𝐻5

𝑀 = [

𝑟21 𝑟22 𝑟23 𝑃𝑦

𝑟31 𝑟32 𝑟33 𝑃𝑧 − 𝑎0

𝑟11 𝑟12 𝑟13 𝑃𝑥

0 0 0 1

] (16) 

 
(𝐻0

𝑀)−1 ∗ 𝐻5
𝑀

= [

 𝑠 4𝑐 5 −𝑠 4𝑠 5 𝑐 4     𝑎2 −  𝑎6𝑐 4 + 𝑑2 + 𝑎5𝑠 4𝑐 5
 −𝑐 4𝑐 5 𝑐 4𝑠 5 −𝑠 4   −𝑎3 − 𝑎5𝑐 4𝑐 5 − 𝑑3 + 𝑎6𝑠 4

𝑠 5 𝑐 5 0 𝑎1 − 𝑎4 + 𝑑1 + 𝑎5𝑠 5
0 0 0  1

] (17) 

 

The following equations are obtained from the known 𝑟𝑖𝑗  

and 𝑃𝑥 , 𝑃𝑦  ve 𝑃𝑧  robot end-effect coordinate values in 

Equation 16. And Equation 17. The two matrices 

calculated in these equations are equal to each other. The 

following equations are obtained by equating each (i, j) 

element of the matrices in these equations (Equation 16. 

and Equation 17.); 

 

𝑟11 = 𝑠𝑖𝑛𝜃5 (18) 

 

𝑟12 = 𝑐𝑜𝑠𝜃5 (19) 

 

𝑟13 = 0 (20) 

 

𝑟21 = 𝑠𝑖𝑛𝜃4𝑐𝑜𝑠𝜃5 (21) 

 

𝑟22 = −𝑠𝑖𝑛𝜃4𝑠𝑖𝑛𝜃5 (22) 

 

𝑟23 = 𝑐𝑜𝑠𝜃4 (23) 

 

𝑟31 = −𝑐𝑜𝑠𝜃4𝑐𝑜𝑠𝜃5 (24) 

 

𝑟32 = 𝑐𝑜𝑠𝜃4𝑠𝑖𝑛𝜃5 (25) 

 

𝑟33 = −𝑠𝑖𝑛𝜃4 (26) 

 

𝑃𝑥 = 𝑎1 − 𝑎4 + 𝑑1 + 𝑎5 𝑠𝑖𝑛 𝜃5 (27) 

 

𝑃𝑦 = 𝑎2 − 𝑎6 𝑐𝑜𝑠 𝜃4 + 𝑑2 + 𝑎5 𝑠𝑖𝑛 𝜃4 𝑐𝑜𝑠 𝜃5 (28) 

 
𝑃𝑧 − 𝑎0 = −𝑎3 − 𝑎5 ∗ 𝑐𝑜𝑠 𝜃4 𝑐𝑜𝑠 𝜃5 − 𝑑3 + 𝑎6 𝑠𝑖𝑛 𝜃4 (29) 
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By dividing Equation 16. and Equation 17. , 𝜃5 angle is 

found as following; 

 

𝑡𝑎𝑛 𝜃5 =
𝑠𝑖𝑛 𝜃5

𝑐𝑜𝑠 𝜃5

=
𝑟11

𝑟12

 (30) 

 

𝜃5 = 𝐴𝑡𝑎𝑛2 (
𝑠𝑖𝑛 𝜃5

𝑐𝑜𝑠 𝜃5

) (31) 

 

By dividing Equation 21. and Equation 24., 𝜃4 angle is 

found as following; 

 

𝑡𝑎𝑛 𝜃4 =
−𝑠𝑖𝑛 𝜃4

𝑐𝑜𝑠 𝜃4

 (32) 

 

𝜃4 = 𝐴𝑡𝑎𝑛2 (
𝑠𝑖𝑛 𝜃4

𝑐𝑜𝑠 𝜃4

) (33) 

 

Using the known 𝑃𝑥 ,  𝑎1, 𝑎4, 𝑎5  and 𝜃5 parameters the 

"𝑑1"  parameter is calculated from Equation 27. as 

following; 

 

𝑑1 = 𝑃𝑥 − 𝑎1 + 𝑎4 − 𝑎5 𝑠𝑖𝑛 𝜃5 (34) 

 

Using the known P𝑦, 𝑎2, 𝑎5,, 𝑎6 , 𝜃4and 𝜃5 parameters the 

"𝑑2"  parameter is calculated from Equation 28. as 

following; 

 
𝑑2 = 𝑃𝑦 − 𝑎2 + 𝑎6 𝑐𝑜𝑠 𝜃4 − 𝑎5 𝑐𝑜𝑠 𝜃5 𝑠𝑖𝑛 𝜃4 (35) 

 

Using the known 𝑃𝑧 ,  𝑎0, 𝑎3, 𝑎4, 𝑎5,, 𝑎6, 𝜃5   and 𝜃4 

parameters the "𝑑3"  parameter is calculated from 

Equation 29. as following; 

 
𝑑3 = −𝑎3 − 𝑎5 𝑐𝑜𝑠 𝜃4 𝑐𝑜𝑠 𝜃5 + 𝑎6 𝑠𝑖𝑛 𝜃4 − 𝑃𝑧 + 𝑎0 (36) 

 

The inverse kinematic equations for the 5-axis robot used 

in this study were provided above. Consequently, the 

inverse kinematic equations for the robot, whose end 

effector coordinates 𝑃𝑥 , 𝑃𝑦 ve 𝑃𝑧  are known, were derived 

for the angle values 𝜃4and 𝜃5  of the A and B rotational 

axes, as well as for the feed amounts 𝑑1, 𝑑2and 𝑑3.  

 

All these equations were carried out in a C# editor, and a 

user control GUI was developed. The developed GUI  

enabled the command of movement of the motors 

connected to the control unit at the desired rotational 

angles of 𝜃4  and 𝜃5 , as well as at the desired feed 

distances of 𝑑1, 𝑑2and 𝑑3 (Figure 6). The Mach3 program 

is added to GUI that is prepared in the Microsoft C# 

editor, as reference program. The obtained joint position 

parameters can be prepared in the form of a G-code text 

file using the GUI, as shown in Equation 37. . 

 

N00 G01 X  Y  Z  A (A) B (B) F 40 (37) 

  

 
Figure 6. (GUI) User interface program 

 

In the developed GUI, a trajectory text file was created to 

perform welding in the shape of the letter 'A'. For this 

welding application, the input data selected as the optimal 

welding parameters were a speed of 40 units/min, a 10 

mm free wire length, and a 30° welding torch angle. These 

values were entered via the keyboard in the interface 

software, and the robot was instructed to perform the 

welding application (Figure 7).  

 

 
Figure 7. Welding application for the letter "A" 

 

Additionally, a G-code text file was created with the GUI 

for the word 'HARRAN' (Figure 8). 
 

 

 
Figure 8. G code text document created with the interface program 

prepared in C# editor for the word "HARRAN" 
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3. RESULTS AND DISCUSSION 

 

For this study, the proposed D-H convention was applied 

to draw the kinematic diagram. The D-H convention 

facilitates the calculation of forward and inverse 

kinematic calculations. The values of Table 1 given in 

Section 2.1 were obtained with this convention. Using the 

transformation matrices obtained with the help of the data 

in this table, the amounts of feed and rotation of each link 

required for inverse kinematic calculations were 

calculated both in the GUI and in Excel.  In this way, the 

accuracy of the calculations with the use of these two 

programs was also proved. With these calculations, the 

amount of feeds (𝑑1, 𝑑2 and 𝑑3)  and rotations 

( 𝜃4 and  𝜃5) required to be given to each motor that 

provides movement to the robot links at the coordinates 

where the end effector is desired to be found.  According 

to the study, the solution results for 5 randomly selected 

test data are given in Table2. 

 
Table 2. Solutions to the inverse kinematic problem 

Solution 1: 
 

               

HM
5 = 

0.77 0.64 0.00 600.00     

0.41 -0.49 0.77 600.00     

0.49 -0.59 -0.64 150.00     

0.00 0.00 0.00 1.00     

        

Inverse Kinematics Input 

Values 

 (End Effector Position) 

Inverse Kinematics Output 

Values 

X 600 mm d1 638 mm 

Y 600 mm d2 82.3566 mm 

Z 150 mm d3 743.24 mm 

 
θ4 40o 

θ5 50 o 

Solution 2: 
 

               

HM
5 = 

0.50 0.87 0.00 300.00     

0.75 -0.43 0.50 300.00     

0.43 -0.25 -0.87 100.00     

0.00 0.00 0.00 1.00     

        

Inverse Kinematics Input 

Values 

 (End Effector Position) 

Inverse Kinematics Output 

Values 

X 300 mm d1 325.00 mm 

Y 300 mm d2 -187.50 mm 

Z 100 mm d3 785.05 mm 

 
θ4 60o 

θ5 30 o 

Solution 3: 

 

               

HM
5 = 

0.71 0.71 0.00 400.00     

0.66 -0.66 0.34 230.00     

0.24 -0.24 -0.94 80.00     

0.00 0.00 0.00 1.00     

        

Inverse Kinematics Input 

Values 

 (End Effector Position) 

Inverse Kinematics Output 

Values 

X 400 mm d1 435.36 mm 

Y 230 mm d2 -253.88 mm 

Z 80 mm d3 810.92 mm 

 
θ4 20o 

θ5 45 o 

Solution 4: 
 

        

HM
5 = 

0.71 0.71 0.00 400.00   

0.66 -0.66 0.34 230.00   

0.24 -0.24 -0.94 80.00   

0.00 0.00 0.00 1.00   

        

Inverse Kinematics Input 

Values 

(End Effector Position) 

Inverse Kinematics Output 

Values 

X 280 mm d1 435mm 

Y 110 mm d2 -264.381mm 

Z 105 mm d3 809.021mm 

 
θ4 30o 

θ5 45 o 

Solution 5: 
 

               

HM
5 = 

0.77 0.64 0.00 
400.0

0 
    

0.63 -0.75 0.17 90.00     

0.11 -0.13 -0.98 80.00     

0.00 0.00 0.00 1.00     

        

Inverse Kinematics Input Values 

 (End Effector Position) 
Inverse Kinematics 

Output Values 

X 400 mm d1 435mm 

Y 90 mm d2 -404.381mm 

Z 80 mm d3 809.021mm 

 
θ4 10o 

θ5 40 o 

 

In this study, kinematic calculations can be used with GUI 

to enable the robot to perform fully automatic welding 

with desired trajectory. The welding applications were 

successfully realized and the continuity of surface 
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welding was ensured. The developed Gantry welding 

robot provides a superior welding performance and it is 

seen that the GUI program is a user-friendly software.  

 

4. DISCUSSION AND CONCLUSION 

 

In this study, a gantry type 5-DoF welding robot with 

three prismatic and two rotary joints is used. According to 

the reviews in the literature, the majority of industrial 

robots have 6 DOF degrees of freedom and have complex 

link structures. Therefore, analytical simplification of 

inverse kinematic solutions is difficult. Considering these 

limitations, an optimized welding robot has been designed 

especially for practical applications with high linear 

motion capability. For the motion analysis of this robot, a 

kinematic diagram in Cartesian space is constructed and 

inverse kinematic equations are obtained. D-H rules were 

applied to draw the kinematic diagram. The D-H method 

provides great convenience in forward and inverse 

kinematics calculations. The D-H parameters table to be 

used in kinematic calculations was created and inverse 

kinematic equations were obtained. Using the inverse 

kinematic equations, the known position and orientation 

of the end effector of the robot and the parameters of the 

position and orientation of each link were obtained. The 

analytical expressions obtained from the kinematic model 

calculation using the D-H convention were visually tested 

and checked with a user interface (GUI) in Microsoft C#. 

In this interface, user intervention is kept to a minimum 

and the superior capabilities of system automation are 

utilized by integrating Mach3 software. The use of G-

code outputs used in CNC in Mach3 software provides an 

important convenience to the welding operator. In this 

way, welding applications were successfully realized and 

the continuity of surface welding was ensured.  

The results obtained show that solvable systems are 

suitable for repeatable welding applications at industrial 

level. An effective position and orientation is provided in 

welding applications. Furthermore, the system can be 

quickly adapted to new positions with the use of GUI. The 

efficiency of this physical, kinematic model and the 

effectiveness of the software have been regularly verified. 

The flexible configuration of the system also supports 

various applications such as inspection, packaging and 

control. The 5-DoF robot is an important option for small-

scale industries looking for automation solutions, both in 

terms of cost and usability. The system can be further 

developed to adapt complex applications such as image 

processing, AI-assisted healing or welding on non-linear 

surfaces. The design and manufacturing of the welding 

robot used in this study were carried out in the workshop 

of Harran University.  
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