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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 Hesaplamalari

Anahtar Kelimeler
Homojen doniisim
matrisi,

Kinematik diyagram,
Ters kinematik,
Denavit-Hartenberg
(D-H) yontemi

Oz: Bu calismada, ii¢ adet prizmatik ve iki adet doner ekleme sahip gantry tipi bir kaynak
robotu kullanilmigtir. Bu robotun Kartezyen uzayinda kinematik diyagrami olusturularak
ters kinematik denklemleri elde edilmistir. Kinematik diyagramin ¢izilmesinde bir uzvun
digerine gore hareketini tanimlayan Denavit Hartenberg kurallari uygulanmigtir. D-H
yontemi, ileri ve ters kinematik hesaplamalarinda oldukg¢a kolaylik saglamaktadir. Bu
yontem ile kinematik hesaplamalarda kullanilacak olan D-H parametreleri tablosu
olusturulmus ve ters kinematik denklemler elde edilmistir. Ters kinematik denklemler
kullanilarak robotun ug efektoriiniin bilinen konum ve yoénelimi ile her bir uzvun konum ve
yonelimine ait parametreler elde edilmistir. Tiim bu kinematik hesaplamalar Microsoft
Visual Studio C# programinda hazirlanan bir kullanict arayiiz yazilimi (GUI) ile
gercgeklestirildi. Bu yazilimda ayrica her bir motora ait elde edilen konum ve yonelim
bilgileri ile motorlarin kontroliinii yapabilmek i¢in yardimci olarak Mach3 programi
kullanilmistir. Bu sayede istenilen konum ve yonelimde diizgiin bir kaynak uygulamasi
hedeflenmistir.

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].
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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.

Kiitiikk 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 URS (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 x 90 mm I-beam steel components.

Figure 2. The weldlng 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).

Y /L‘\

2) When the coordinate frame
is rotated -90° around Xm,
that is, the coordinate frame
of the end point, X;, Y; and Z;
are obtained.

ﬁl\

1) The coordinate frame
formed
when rotated 90¢ around Z,,.

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 “0” (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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e 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,

o The X-axis must be orthogonal to both the previous and
current Z-axes and must intersect them,

e The Y-axis is determined using the right-hand rule,
based on the assigned X and Z axes.

According to Denavit-Hartenberg rules, axes X;, ¥;, Z; all
of joints of the robot were determined and a kinematic
diagram was created as shown in Figure 4.
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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]:

Fori=1...n;

a;.; =(link twist) the angle between Z;.; and Z; measured
about X, /;

r.; =(link length) the distance between Z.; and Z;
measured along X;.;;

d; =( joint offset)
measured along Zi;

the distance between X;-; and X;
0; =(joint angle) the angle between X;-; and X; measured
along Z;;

According to these D-H definitions, the parameters are
obtained in Tablel.

Table 1. Robot D-H parameters

1 0: ai-1 ri dis
1 90 90 0 ay
2 90 90 0 dl+al
3 90 -90 0 d2+a2
4 -90 90 0 d3+a3
5 -90+04 -90 0 a4
6 05 0 -dg as

where ag= 1m, a;= 0.7m, a,=0.7m, a3 =0.7m, as;= 0.1m,
as= 0.1m and ag = 0.3m.

The B motor is mounted” ™ ¥
and connected to the A motor shaft.

The A axis motor is fixed
to the Y axis arm and moves
linearly depending on the X.Y.Z axes.

welding torch is
mounted on the B shaft,

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

In D-H convention, each homogenecous transformation
matrices H; is defined as multiplying four basic
transformation matrices [21-26].

H=R. ¢ Trans. Transy .Ry. (1)
Hi
Ci_5i0010001007i1000
_lsi e 0 offo 10 ofjo 10 0|0 ¢ —s; 0 (2)
0 o 10|lo o1 d,l[lo o1 o0llos; ¢ o
o o o 1lo oo 1llo oo 1llo 0o o 1

The homogeneous transformation matrix for each joint is
obtained as following (Equation 3.). Where c; and s; are
shorthand for cos8; and sinf; and c; and s; are shorthand
for cosa; and sina ; respectively.

Hi™
t . . .
cos; —sinf ;cosa; sinb ;sina; 71;cos0 ;
sind ; cosf jcosa; —cos ;sina; T1sind; 3)
0 sina ; cosa ; di_y
0 0 0 1

Equation 3. is homogeneous transformation matrix
following by Equation 4. :

Ci _SiC]' Sisj 1iC i
Hi_l— S Cicj —C,:Sj S 4
L ) s c; d; )
] J i-1
0 0 0 1

The DH variables in Table 1 are substituted in Equation
4. to obtain the matrices in Equation 4.- Equation 8. :
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0 0 1 0
1 0 0 0
M _
Ho=1o 1 o a, )
0 0 0 1
0 0 1 0
o_|1 0 0 0
=1y 1 o d, + a; ©)
0 0 0 1
0 0 -1 0
1|1 o0 o 0
2=y 1 o d, + a, @)
0 0 0 1
0 0 -1 0
,_|-1 0 0 0
Hs=1o 1 o ds; + ag ®)
0 0 0 1
Sy 0 ¢4 O
0 s 0
g3 =|¢2 4
4 0 -1 0 a ©)
0 0 0 1
C5 _SS 0 a5C5
4 _|Ss cs 0 asss
Hs 0 0 1 -—ag (10)
0 0 0 1

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. .

HY = HYHOHIHZH3HE = HYHIHZH3HE (1)

S5 [ 0 a;—ay+di+asss
HE = S4C5 —S4S5 Cg Ay — AC 4+ dy + asS 4C 5 (12)
—C4Cs5 C4Ss5s =S4 Qp—03—AsC4C5—d3z+ agS,
0 0 0 1

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.

11 T2 Tz Px
T T, T .
M = |2t Tz Tes Pylioge general homogeneous
31 T32 T33 Dz
0 0 0o 1
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.;

(Hy') ' +Hy' =1 (13)
HY =« HYx H}x H2x H} » Hi= HY (14)

Both sides of the Equation 14. is multiplied by (H3)™!
and this expression turns into the following:

(He")™HY'HY Hy H3 HiHg= Hg'(HeH™ (19)

1 T2 To3 B,
- T T T P,—a
(HM)=t« gM = |T31 T32 T3z Fz—do (16)
"1 T2 T3 Py
0 0 0 1
(Hy")™* + HY'
S4C5 —S455 Cg Ay — AgC 4+ dy +ass 4C5
_|-cacs cass —ss —az—ascucs—dstags, (17)
S5 Cs 0 a;—a,+d;+asss
0 0 0 1

The following equations are obtained from the known 7;;
and P, P, ve P, 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, ;)
element of the matrices in these equations (Equation 16.
and Equation 17.);

111 = Sinfg (18)

71, = cos0Os (19)

r3=0 (20)

Ty = Sinf,co0s0s (21)

Ty, = —Sinf,sinby (22)

Ty3 = c0s0, (23)

131 = —c050,c0505 (24)

13, = €0560,5in0g (25)

T33 = —Ssinf, (26)
P,=a, —a,+d; +assinbs 27

P,=a;— agcos 0, +d, +assinf,cos s (28)

P, —ay=—a; —as * cos 0,cos0s —ds + agsinb, (29)
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By dividing Equation 16. and Equation 17. , 85 angle is
found as following;

sinfs 1y,
an s cosOs 1, (30)
65 = Atanz (205 31
5 = Atan2 (D) (1)

By dividing Equation 21. and Equation 24., 6, angle is
found as following;

tan 6 _—sin94 32
e = cos 9, (32)
6, = Atan2 G5 33
4 = Alan (C0594) (33)

Using the known P, a;,a,,as and 05 parameters the
"d," parameter is calculated from Equation 27. as
following;

d1=Px—a1+a4_a55in95 (34)

Using the known P, a,, as, a¢, 6,and 85 parameters the
"d," parameter is calculated from Equation 28. as
following;

dy =Py —a; + agcos 8y —as cos Os sin b, (35)

Using the known P, , ag, a3z a4, as,as0s and 6,
parameters the "d;" parameter is calculated from
Equation 29. as following;

d3 = —az —ascos0,cos 05 + agsinf, —F, +a, (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 P, P, ve P, are known, were derived
for the angle values 6,and 65 of the A and B rotational
axes, as well as for the feed amounts d;, d,and d;.

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 6, and 65, as well as at the desired feed
distances of d, d,and d; (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. .

NO0OGOI X Y Z A (4) B (B) F 40 (37)

NOGIXOYOZOADNS
NOGNXOYOZOADNS
NOGUXOYOZNOADNS

f‘igure 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).

Tl HARRAN BITISIK - Not Defteri

Dosya Dazen Bigim Gorindm Yardim

|IN@GO1XBYOZOADBOF 1500

N 161 X -2,49777530313971 Y -0,321794868166666 Z -0,277382585724274 A 1 B @ F 1500

GO1 X -4,99555060627943 Y -0,643589736333331 Z -0,554605171448549 A 2 B @ F 1500
A 38B0F 1500

N2

N 3 GO1 X -7,49332590941914 Y -0,965384604499997 Z -0,831907757172823

N 4 GO1 X -9,99110121255886 Y -1,28717947266666 Z -1,1092103428971 A 4 B @ F 1500

N 5 GO1 X -12,4888765156986 Y -1,60897434083333 Z -1,38651292862137 A 5 B @ F 1500
N 6 GO1 X -14,9866518188383 Y -1,93076920899999 Z -1,66381551434565 A 6 B @ F 1500
N 7 Go1 X -20,984427121978 Y -2,25256407716666 Z -1,94111810006992 A 7 B @ F 1500

N 8 GO1 X -23,9822024251177 Y -2,57435894533332 Z -2,21842068579419 A 8 B @ F 1500
N 9 GO1 X -26,9799777282574 Y -2,89615381349999 Z -2,49572327151847 A 9 B @ F 1500
N 10 Go1 X -29,9777530313971 Y -3,21794868166666 Z -2,77302585724274 A 10 B @ F 1500
N 11 GOl X -32,9755283345369 Y -3,53974354983332 Z -3,05032844296702 A 11 B @ F 1500
N 12 Ge1 X -35,9733036376766 Y -3,86153841799999 Z -3,32763102869129 A 12 B @ F 1500
N 13 GOl X -38,9710789408163 Y -4,18333328616665 Z -3,60493361441557 A 13 B @ F 1500
N 14 GO1 X -41,968854243956 Y -4,50512815433332 Z -3,88223620013984 A 14 B 0 F 1500
N 15 GOl X -44,9666295470957 Y -4,82692302249998 Z -4,15953878586412 A 15 B @ F 1500
N 16 GO1 X -47,9644048502354 Y -5,14871789066665 Z -4,43684137158839 A 16 B @ F 1500
N 17 Ge1 X -50,9621801533751 Y -5,47051275883331 Z -4,71414395731266 A 17 B @ F 1500
N 18 GO1 X -53,9599554565149 Y -5,79230762699998 Z -4,99144654303694 A 18 B @ F 1500
N 19 GOl X -56,9577307596546 Y -6,11410249516665 Z -5,26874912876121 A 19 B @ F 1500
N 20 GO1 X -59,9555060627943 Y -6,43589736333331 Z -5,54605171448549 A 20 B @ F 1500
N 21 GOl X -59,9555060627943 Y -3,43589736333331 Z -5,54605171448549 A 20 B @ F 1500
N 22 GO1 X -19,9555060627943 Y -7,43589736333331 Z -5,54605171448549 A @ B @ F 1500

N 23 GO1 X -19,9555060627943 Y -7,43589736333331 Z -45,54605171448549 A @ B @ F 1500
N 24 Go1 X -19,9555060627943 Y -9,43589736333331 Z -45,54605171448543 A @ B @ F 1500
N 25 GOl X -59,9555060627943 Y -9,43589736333331 Z -45,54605171448549 A 20 B 0 F 1500

N 26 GO1 X @ Y -9,43589736333331 Z -45,54605171448549 A © B @ F 1500
N 27 GO1 X -0 Y -9,43400390643654 Z -45 A 3,33332650370721E-09 B @

St1,5tn1

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

. . . . 0.71 0.71 0.00 400.00
to draw the kinematic diagram. The D-H convention
facilitates the calculation of forward and inverse I _ 0.66 -0.66 034  230.00
. . . . . 5 -
kinematic calculations. The values of Table 1 given in 024 024 -094  80.00
Section 2.1 were obt.amed w1'th this convention. Using the 000 000 0.00 1.00
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 Inverse Kinematics Input Inverse Kinematics Output
calculated both in the GUI and in Excel. In this way, the Values . Values
. . (End Effector Position)
accuracy of the calculations with the use of these two
. . X 400 mm d; 435.36 mm
programs was also proved. With these calculations, the v 230 mm 4 253,88 mm
. 2 - .
amount of feeds (dy,d,andd;) and rotations
R R V4 80 mm d; 810.92 mm
(6, and O5)required to be given to each motor that
provides movement to the robot links at the coordinates 04 20
where the end effector is desired to be found. According 0s 45°
to the study, the solution results for 5 randomly selected Solution 4-
test data are given in Table2.
Table 2. Solutions to the inverse kinematic problem
Solution 1: 0.71 0.71 0.00  400.00
0.66 -0.66 034 230.00
HMj =
024 -024 -094 80.00
0.77 0.64 0.00 600.00
o 041 -049 0.77 600.00 0.00 0.00 0.00 1.00
v, -
049 -059 -0.64 150.00
0.00 0.00 0.00 1.00
Inverse Kinematics Input Inverse Kinematics Output
Values Values
Inverse Kinematics Input Inverse Kinematics Output (End Effector Position)
Values Values X 280 mm d, 435mm
(End Effector Position) Y 110 mm d> -264.381mm
X 600 mm d; 638 mm z 105 mm ds 809.021mm
Y 600 mm d, 82.3566 mm
0, 30°
4 150 mm d;3 743.24 mm
95 45°
2 40°
Solution 5:
05 50°
Solution 2:
0.77 0.64 0.00 40(())'0
0.50 087 0.00 300.00
o _ | 063 075 017 90.00
075 -0.43 050  300.00 ’
HY, = 0.11  -0.13 -0.98 80.00
043 -0.25 -0.87 100.00
0.00 0.00 0.00 1.00
0.00 0.00 0.00 1.00
Inverse Kinematics Input Values Inverse Kinematics
Inverse Kinematics Input Inverse Kinematics Output (End Effector Position) Output Values
Values Values
(End Effector Position) X 400 mm d; 435mm
X 300 mm d, 325.00 mm Y 90 mm d; -404.381mm
Y 300 mm d> -187.50 mm A 80 mm ds 809.021mm
Z 100 mm d; 785.05 mm 0. 10°
2 60° 05 40°
05 30°
Solution 3- 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, Al-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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