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Arastirma Makalesi

o0z
Makale Tarihgesi: Insansiz imalat, modern endiistride biiyiik bir yer edinmistir. Imalatin insansiz
CK}zgz|t?;}ilﬁ:i-0§éogé22002244 oldugu her alanda basaris1 ve uygulanabilirligi kamtlanmistir. Cesitli araglar
Online Yaymlanma: 15.01.2025 donanimsal yonden zenginlestirilmis ve imalat i¢in gorevlere uygun hale

getirilmistir. Teknolojinin hizli gelisimi donanimsal olarak zenginlestirilen bu

araclar i¢in daha fazla donanim kullanma sans1 sunmaktadir. Bu donanimlarda

Robot kol en yogun c¢alismalar robot kollar iizerine yapilmaktadir. Bu makale imalat

MIG kaynag: sektoriinde, basta otomotiv ve savunma sanayl olmak T{zere c¢esitli

Kinematik analiz uygulamalar i¢in kullanilmak tizere metal inert gaz (MIG) kaynag: yapabilen
robot kol tasarimi {izerine hazirlanmistir. Cok farkli imalat alanlarinda,
sistemin alta ya da tstiine tasarimlar1 dikkate almarak monte edilebilecek bir
MIG kaynak robot kolu tasarimi yapilmistir. Tasarimda insansiz kullanilan
sistemlerin Ozellikleri dikkate alimmugstir. Kinematik model, genel doniigiim,
matris, tim eklem ve birlestirmeleri hesaplanarak olusturulmustur.
SOLIDWORKS programimda tasarimi ve malzeme se¢imi yapilan robot
kolun, SOLIDWORKS ve ANSY'S programlarmin kullanimi ile belirli yiikler
altinda deformasyon, hareket ve sapma analizleri yapilmistir. Bir ve iki
numarali eklemler lizerine yapilan analizler sonucu robot kolun maruz kaldig1
yiiklerde istenilen kaynak gorevlerini yapabilecegi goriilmiistiir.

Anahtar Kelimeler:

Design and Kinematic Analysis of a Robotic Arm Capable of MIG Welding

Research Article ABSTRACT

Avrticle History: The importance of unmanned production has grown significantly in modern
iigg'p‘{eegj gggggggi industry. The success and applicability of manufacturing in unmanned areas
Published online: 15.01.2025 have been proven. Various tools have been enriched in terms of hardware and

adapted for manufacturing tasks. The rapid development of technology offers
the chance to use more hardware for these hardware-enriched tools. The most

Keywords: . .o R . .

Roﬁﬁticarm intense studies in these hardware are conducted on robotic arms. This article
MIG welding has been prepared on the design of a robotic arm capable of metal inert gas
Kinematic analysis (MIG) welding for various applications in the manufacturing sector, especially

in the automotive and defense industries. A MIG welding robotic arm design
that can be mounted under or over the system in very different manufacturing
areas, considering the designs, has been made. The characteristics of
unmanned systems used in the design have been taken into account. The
kinematic model was created by calculating the general transformation,
matrix, all joints, and assemblies. The robotic arm, designed in
SOLIDWORKS and material selection made, was analyzed for deformation,
motion, and deviation under certain loads using SOLIDWORKS and ANSY'S
programs. The analyses conducted on the first and second joints showed that
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the robotic arm can perform the desired welding tasks under the loads it is
subjected to.
To Cite: Gok DA., Ozkan MF., Karaman HE., Khattab MS. Design and Kinematic Analysis of a Robotic Arm Capable of MIG
Welding. Osmaniye Korkut Ata Universitesi Fen Bilimleri Enstitiisii Dergisi 2025; 8(1): 353-374.

1. Introduction

With the advancement of technology, robotic arms with very different hardware can now be used in
many challenging tasks (Efe et al., 2021). Due to design simplicity and cost-effectiveness, their
production and usage have become easier. Especially, in many areas where human health is at risk, the
use of robotic arms is becoming increasingly widespread day by day. The increase in software and
system developments for use in different challenging tasks enables robotic arms to be used in very
complex jobs. They are used in various areas such as transportation (relocation) (Murat and Abdullah,
2023), firefighting and welding (Doruk et al., 2016), assembly (Karacan et al., 2022), and sorting
(separation) (Demirhan and Sariyildiz, 2021).

Robotic arms are used in many areas, especially in industry. They are preferred, because they reduce the
workload and represent the difficult part in human-machine task sharing. Although there are multiple
types, the basic tasks performed by robotic arms are very similar to each other. Each robotic arm carries
its own unique features. Articulated robotic arms (Bernett et al., 2020), one of the most important types,
are robotic arms with a high degree of freedom. These types of high-degree-of-freedom robotic arms
are particularly widely used in the automotive industry.

Metal inert gas (MIG) welding is used in many sectors today. Compared to other welding methods, its
main advantages include the ability to weld products quickly (Nurveren and Giindiiz, 2018), the creation
of high-strength products when the craftsmanship is done correctly (Kose and Tatli, 2015), and most
importantly, the ability to fill deep gaps quickly and effectively (Tiirker et al., 2017). With the benefits
brought by its many advantages, high-strength products are produced in the craftsmanship part when the
parameters are correctly inputted for the robotic arm to be produced.

In this study, a design for a lightweight, portable MIG welding robotic arm that can be easily mounted
in different positions and perform welding tasks, particularly for use in various applications including
the automotive and defense industries, has been prepared using the SOLIDWORKS® program (Karaca
et al., 2017). Towards this goal, initially, the system's mechanism, necessary power calculations, usage
of the method, and motion scheme were established. The determined requirements were researched and
their analyses were conducted using ANSYS® software (Tinkir and Sezgen, 2017). A geometric and
kinematic model suitable for the industrial and factory environment in which the task will be carried out

has been presented.

2. Materials and Methods
2.1. Material
In this study, different materials were selected for the torch and body parts of the designed MIG welding

robotic arm, considering the cost factor. The selection of materials was crucial, because the power of
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the motor to be used depends on the resulting weight. Therefore, the materials were chosen with
minimum weight and maximum efficiency in mind. Careful selection of the material for production is
necessary. In material selection, aside from high performance, flexibility, machinability, and strength
characteristics have been important guides for the engineers selecting the material. In the designed
robotic arm, as shown in Figure 1, polylactic acid (PLA) materials obtained by the additive

manufacturing method were used in the body and limbs.

Figure 1. Robotic arm limb and body structure

Table 1. Mechanical and physical properties of PLA material (Farah et al., 2016)

Property Value
Density 1.25 g/cm?
Melting temperature 150-160°C
Tensile strength 50-70 MPa
Elastic modulus (e-modulus) 3-4 GPa
Notched impact strength 2-16 kJ/m? (low impact resistance)
Maximum stress strength 50 MPa
Elongation (at break) 2-10%
Flexural strength 65-110 MPa
Water absorption (24 hours) 0.5-1.0%
Glass transition temperature 60-65°C
Thermal expansion coefficient 68 um/m°C
Shore hardness 80-85D
Processability Easy

The use of 3D printers has become easier in many sectors by combining materials with different
properties using filaments produced through additive manufacturing methods. It is used primarily in the

textile industry for the production of wearable gloves (Akgiimiis Gok and Giidar, 2023), composite
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material production (Pamuk et al., 2016), and more recently in the production of robotic arms (Celebi et
al., 2019). The choice of material for the robotic arm may vary depending on the task it will perform.
Within the scope of this study, PLA materials that can be used in 3D printers were selected for the
manufacturing of this robotic arm. In the design of the MIG welding robotic arm, the most important
point in material selection is the choice of the torch material. The selection of torch material results in
high-quality welding. When selecting the torch, a torch design was prepared, taking into account factors,
such as the maximum power of the current generator, the diameter of the wire electrode to be used, the
thickness of the material to be welded, the working time, ergonomics, and is represented in Figure 2
(Suarez et al., 2017). Apart from the general material of the torch being insulating, the mouthpiece where
welding contact occurs is expected to be resistant to high temperatures and absorb the generated heat to
prevent overheating and deformation of other parts of the arm. To achieve this, airflow gaps were left at

various points on the torch to ensure continuous airflow.

_Insulating Part

Interconnect
// Components
‘v/
_ Nozzle
-y

a) b)

Figure 2. a) Insulating part of the torch, b) Conductive part of the torch

The upper part of the torch, which needs to have insulating properties, was selected to be made of
acrylonitrile butadiene styrene (ABS) plastic due to its cost-effectiveness. The yellow part referred to as
the (Goose Neck) was determined to be made of brass, following traditional torch manufacturing
methods. The most important factor in this selection is that since welding is done with electricity,
conductivity needs to be good at a certain point. This part serves the purpose of absorbing the energy of
the heated electrode. In the tip of the torch, the intermediate connecting part was made of brass, and the

nozzle itself was made of copper material.

2.2. Design

Today, the designs of machines or machine components are done in digital environments using computer
aided design (CAD) programs to facilitate manufacturing. SOLIDWORKS® is an internationally used
program that allows design in various applications such as sheet metal, molds, profiles, and electronics.

The design of the MIG welding robotic arm was done in the SOLIDWORKS® program. In the design,
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geometric voids were created, as shown in Figure 3, to achieve the desired weights without
compromising strength. These geometric voids were created in a way that would not affect the strength
and material fatigue (Ertiirkmen and Noori, 2023).

e Second Joint

~____—— Support Joint

s
“—Fixed Part .

Figure 3. Configuration created with the design program for the robotic arm

Due to the limited electronic and mechanical power of the system, this was taken into account during
the design and the design was carried out accordingly. When considering its maximum load capacity,
the length of the welding torch head was designed to be 22.11 cm. The maximum welding length that
can be achieved is 45 cm. As a result of the dynamic analyses conducted, the number and type of motors
to be used have been determined.

Serial robot types are also classified alphabetically based on the type of joint (limb) they have. Generally,
there are two types of joints: rotary and prismatic joints. Rotary joints are symbolized by the letter "R"
(Revolute), while prismatic joints are symbolized by the letter "P" (Prismatic). The MIG welding robotic
arm was designed as an RRRR robot (Can and Stachel, 2014). In the design of the robotic arm, 3 joints,
2 rotation support parts, and 2 motion transmission support members were used. The design of these
parts took into consideration the load, mobility, and durability that the robotic arm would be subjected
to. The length of the first main joint is 30 cm, and it consists of a straight cylinder part that is
symmetrically conical, as shown in Figure 4. The reason for this is to distribute the load less on the side

with a larger surface area.

Figure 4. First joint
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The length of the second joint in the design is 35 cm. As seen in Figure 5, rectangular voids of equal

dimensions were left to improve maneuverability, speed, and weight.

"

Figure 5. Second joint

The third and final joint, as seen in Figure 6, is a straight cylindrical part designed entirely according to
the task's purpose. This part, which is 20 cm in length, is primarily responsible for ensuring that the

welding wire coming from the spool reaches the nozzle smoothly.

Figure 6. Third joint

The length of the motion transmission support members is 10 cm, and their roles in the design are to
support the correct transmission of motion, ensure more balanced movement of the load, and increase

speed. As shown in Figure 7, the design includes slot voids at the top and bottom to enhance strength.

Figure 7. Motion transmission support member
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2.3. Analysis

In this study, a comprehensive structural analysis was carried out to examine the performance and
deformation behavior of the joints used in the design of the MIG welding robot arm. Analyzes were
performed using both SOLIDWORKS® and ANSYS® programs to evaluate how the design responds
under operating conditions. The mesh structure used in the analysis was optimized to accurately model
the complex geometry of the robot arm. Three-dimensional solid elements were used in the analyses.
Tetrahedral elements are preferred because these elements give better results in complex geometries.
Different resolutions were used in different regions with element sizes ranging from 0.5 mm to 3 mm.
Sensitivity has been increased by using smaller elements in critical load-bearing areas. More than
100.000 elements were used in total. The mesh used in this study was optimized in terms of quality and
provided sufficient resolution for more accurate calculation of deformations and stresses. The number
of meshes was created as 7000 in the first joint and 2500 in the second joint. Figure 8 shows the mesh

structure of the second joint.

Figure 8. Mesh structure of second joint

The material model used in the analysis was chosen to accurately represent the materials used in
prototype production. The robot arm and joints are produced using PLA material. For this reason, the
mechanical properties of PLA material were used in the analysis (Table 1). In the analysis of the robot
arm, loads and boundary conditions are carefully defined. Forces of different magnitudes were applied
to evaluate the effect of loads on the joint. Each loading case is designed to simulate real operating
conditions of the robot arm. Loads weighing 200 g, 300 g and 400 g were applied to the free end of the
arm. These loads were chosen to simulate the maximum loads that the robot arm can carry. The points
where the arm is fixed are defined as boundary conditions and it is assumed that these points do not
move. The gravitational force is taken into account for realistic modeling of the robot arm. Static and
dynamic analyzes were used in structural analysis. Loads were applied in a fixed condition and
deformation, stress and deflections were calculated. This analysis was used to evaluate the maximum
tensile strength and load carrying capacity of the arm. Using the ANSYS® Rigid Dynamics module,
dynamic forces and deformations occurring during the movement of the arm were examined. This
analysis tested the performance of the moving parts of the arm at different angles. As a result of the

analyses, the deformation and tension behaviors of the robot arm were determined. The results obtained
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in each loading scenario played an important role in evaluating how the robot arm performed under
different operating conditions. Deformations and stresses observed especially in critical joints revealed
the weak points of the design and data for future optimization studies are presented in the "Results"

section.

3. Advanced Kinematic Modeling and Power Calculations

The Denavit-Hartenberg (DH) method was used for modeling all forward kinematics and mechanical
connections of the designed system (Noguchi and Roshanianfard, 2017). Power-moment calculations
were performed for the created MIG welding robotic arm. In the designed robotic arm, there are no
translational mechanical movements in any joint, and all mechanical joints are rotational. In this case,
the position vector in joint space, q, is directly equivalent to a velocity vector, v, meaning q = [q1 ...
qn] = [v1 ... vn] = v. Mathematically, this relationship can be expressed briefly as q” = Hq, where q” is
the motor position, H is the matrix that transforms joint space to motor space. For the designed robotic
arm, the H matrix is a 6 x 5 matrix, and the determinant of this matrix is greater than zero. Furthermore,
to create a comprehensive expression, after the robotic arm is manufactured, tests need to be conducted
based on the system's dynamics. System identification tests can be used to draw the entire kinematic and
dynamic model of the robotic arm system. The direct kinematic expression of the robotic arm is given

by the transformation matrix T (Korkut and Yasar, 2016).

Figure 9. Kinematic vectors of the robot arm

In order to perform forward and inverse kinematic analysis of a robotic arm, the axes must first be
determined. In the design done in SOLIDWORKS® program, the axes and rotation directions of the

robotic arm are shown as in Figure 9.
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Table 2. Denavit-Hartenberg (DH) table

Frame o4 agi-1) d(i-1) 0i-1)
0-1 0 0 0 Ba)
1-2 0 Ly 0 B2
2-3 0 L, 0 0@
3-4 0 Ls 0 O

After the axes were established, rotation and translation distances, angles, and lengths were determined
using the Denavit-Hartenberg (DH) method. The transformation matrices T were created by referencing
the Table 2 generated with the Denavit-Hartenberg (DH) method.

In this study, a mesh was created using Solidworks Motion Study and ANSY'S Rigid Dynamic module
for analysis, and data about the designs was obtained by entering the necessary parameters. These data
obtained largely show the prototype production and deformations that may occur in the system. As a
result of these analyses, many data such as deviations, bending and maximum movement area in robot
arm designs were obtained. In future studies, it is recommended to present the mathematical expressions
of the kinematic model, dynamic matrices and transformation matrices in more detail. In addition, using
the MATLAB program, forward kinematic and inverse kinematic analysis can be used to mathematically
calculate the relative movements, positions, orientations, speeds and resulting inertia of the robot arm.

Figure 10 shows the advanced kinematic analysis created using the MATLAB program of the study.

clear; clc; close;

link=1:1:7;
h_base=[0,1,0;

0,1,0;

1,0,0;

0,0,1;

1,0,0;

1,0,0;

1,0,0];
syms dl dth2_dth3 dth4 dth5 dth6_d mx my mz xx yy zz
syms al k2 k3 k4 a5 a6 d1 d2 d3 d4 d5 d6 tetal teta? teta3 tetad teta5 teta6 11
syms d1_dd th2_dd th3_dd th4_dd th5_dd th6_dd

I=eye(3);

z=zeros(3,1);

wO0=zeros(3,1);

v0=zeros(3,1);

wd0=zeros(3,1);

vd0=zeros(3,1);

fO=zeros(3,1);

sgew=@(x) [0 -x(3) x(2); x(3) -x(1) 0; x(2) -x(1) 0];
m=[mx,0,0;0,my,0;0,0,mz];
I_m=[xx,0,0;0,yy,0;0,0,27];
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h1=[0;1;0];
h11=[h1;z];
h2=[0;1;0];
h22=[h2;z];
h3=[1,0;0];
h33=[h3;z];
h4=[0;0;1];
hd4=[z;h4];
h5=[1,0;0];
h55=[h5;z];
h6=[1,0;0];
h66=[z;h6];
h7=[1;0;0];
h77=[h7;z];

11_v=h1*link(1);
12_v=h2*link(2);
13_v=h3*link(3);
14_v=h4*link(4);
I5_v=h5*link(5);
16_v=h6*link(6);
I7_v=h7*link(7);

phil=[l,zeros(3);-sgew(I1_v),I];
phi2=[l,zeros(3);-sqew(I12_w),I];
phi3=[l,zeros(3);-sqew(I3_v),1];
phid=[l,zeros(3);-sqew(l4_w),I];
phi5=[l,zeros(3);-sqew(I5_w),I];
phi6=[l,zeros(3);-sqew(l6_w),I];

V_wvl=phil*zeros(6,1)+h11*d1_d;
V_wv2=phi2*zeros(6,1)+h22*th2_d;
V_wv3=phi3*zeros(6,1)+h33*th3 _d;
V_vv4=phid*zeros(6,1)+h44*th4 d;
V_wv5=phi5*zeros(6,1)+h55*th5_d;
V_vv6=phi6*zeros(6,1)+h66*th6_d;

wl=V_w1(1:3,1);
w2=V_wv2(1:3,1);
w3=V_wv3(1:3,1);
wé4=V_wv4(1:3,1);
w5=V_wv5(1:3,1);
w6=V_vwv6(1:3,1);

vl=V_wl(4:6,1);
v2=V_wv2(4:6,1);
v3=V_wv3(4:6,1);
v4=V_w4(4:6,1);
v5=V_w5(4:6,1);
v6=V_w6(4:6,1);

A _vvl=phil*zeros(6,1)+h11*d1_dd+[cross(w0,wl);cross(w0,cross(w0,I1 v))];
A_w2=phi2*A_vv1+h22*th2_dd+[cross(w1,w2);cross(wl,cross(wi,I2_v))];
A_wv3=phi3*A_wvv2+h33*th3_dd+[cross(w2,w3);cross(w2,cross(w2,13_v))];
A _vvi=phid*A vv3+h44*th4 dd+[cross(w3,w4);cross(w3,cross(w3,l4_v))];
A_wb=phi5*A_vv4+h55*th5_dd+[cross(w4,w5);cross(w4,cross(w4,I15_v))I;
A _vv6=phi6*A vv5+h66*th6_dd+[cross(w5,w6);cross(w5s,cross(wbs,16_v))];

V_=[V_wl;,V_w2;V_w3;V_w4;V_w5;V_wb];
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A =[A WL1;A wW2;A wW3;A w4 A w5;A we];
PHI=eye(18,18);

PHI(7:12,1:6)=phi2;
PHI(7:12,7:12)=phi2;
PHI(13:18,1:6)=phi2*phi3;

M1=[1_m,m*sgew(I1_v/2);-m*sgew(I1_v/2);I*m];
M2=[1_m,m*sqew(12_v/2);-m*sgew(12_v/2);1*m];
M3=[1_m,m*sqew(13_v/2);-m*sgew(I3_v/2);1*m];
M4=[1_m,m*sgew(14_v/2);-m*sgew(l4_v/2);I*m];
M5=[1_m,m*sgew(15_v/2);-m*sgew(I5_v/2);1*m];
M6=[1_m,m*sgew(I6_v/2);-m*sgew(I6_v/2);I*m];

x1=[090-90 0 -90 90];

a= [000k3k40];

d= [11 (k2+d2) 0 0 0 d6];

t= [tetal teta2 teta3 tetad teta5 teta6];

for i=1:6
ifi==1
T1=[cosd(t(i)) -sind(t(i)) 0 a(i) ;
cosd(x1(i))*sind(t(i)) cosd(x1(i))*cosd(t(i)) -sind(x1(i)) -sind(x1(i))*d(i) ;
sind(t(i))*sind(x1(i)) cosd(t(i))*sind(x1(i)) cosd(x1(i)) cosd(x1(i))*d(i) ;
0001];
elseif i==2
T2= [cosd(t(i)) -sind(t(i)) 0 a(i) ;
cosd(x1(i))*sind(t(i)) cosd(x1(i))*cosd(t(i)) -sind(x1(i)) -sind(x1(i))*d(i) ;
sind(t(i))*sind(x1(i)) cosd(t(i))*sind(x1(i)) cosd(x1(i)) cosd(x1(i))*d(i) ;
0001];
elseif i==3
T3= [cosd(t(i)) -sind(t(i)) O a(i) ;
cosd(x1(i))*sind(t(i)) cosd(x1(i))*cosd(t(i)) -sind(x1(i)) -sind(x1(i))*d(i) ;
sind(t(i))*sind(x1(i)) cosd(t(i))*sind(x1(i)) cosd(x1(i)) cosd(x1(i))*d(i) ;
0001];
elseif i==4
T4=[cosd(t(i)) -sind(t(i)) 0 a(i) ;
cosd(x1(i))*sind(t(i)) cosd(x1(i))*cosd(t(i)) -sind(x1(i)) -sind(x1(i))*d(i) ;
sind(t(i))*sind(x1(i)) cosd(t(i))*sind(x1(i)) cosd(x1(i)) cosd(x1(i))*d(i) ;
0001];
elseif i==5
T5=[cosd(t(i)) -sind(t(i)) 0 a(i) ;
cosd(x1(i))*sind(t(i)) cosd(x1(i))*cosd(t(i)) -sind(x1(i)) -sind(xL(i))*d(i) ;
sind(t(i))*sind(x1(i)) cosd(t(i))*sind(x1(i)) cosd(x1(i)) cosd(x1(i))*d(i) ;
0001];
elseif i==6
T6= [cosd(t(i)) -sind(t(i)) O a(i) ;
cosd(x1(i))*sind(t(i)) cosd(x1(i))*cosd(t(i)) -sind(x1(i)) -sind(x1(i))*d(i) ;
sind(t(i))*sind(x1(i)) cosd(t(i))*sind(x1(i)) cosd(x1(i)) cosd(x1(i))*d(i) ;
0001];
end
end

Figure 10. Advanced kinematic analysis for robot arm designs

4. Prototype Model

Before manufacturing a robotic arm, design analysis and calculations must be made. If no problems are

observed after calculations, design and analysis, the manufacturing phase can be started and prototype
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testing can be done. The parts of the designed MIG welding robotic arm produced by a 3D printer are
shown in Figure 11.

Figure 11. Parts produced by a 3D printer

In the SOLIDWORKS®environment, it is planned to safely carry out the required load-carrying process
by attaching MG996r high-torque servo motors (Figure 12) to the movable joints of the parts made.

Figure 12. MG996r servo motor

For the electronic software, an Arduino Mega board has been used. The software was written in the

Arduino IDE environment by invoking Bluetooth and servo libraries, as shown in Figure 13.

#include <SoftwareSerial.h>
#include <Servo.h>

Servo servo01;
Servo servo02;
Servo servo03;
Servo servo04;
Servo servo05;
Servo servo06;

SoftwareSerial Bluetooth(0, 1); // Arduino(RX, TX) - HC-05 Bluetooth (TX, RX)
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int servolPos, servo2Pos, servo3Pos, servo4Pos, servo5Pos, servo6Pos;

int servolPPos, servo2PPos, servo3PPos, servo4PPos, servo5PPos, servo6PPos;

int servo01SP[50], servo02SP[50], servo03SP[50], */servo04SP[50], servo05SP[50], servo06SP[50];
int speedDelay = 20;

int index = 0;

String dataln ="";

void setup() {
servo01l.attach(8);
servo02.attach(9);
servo03.attach(10);
servo04.attach(11);
servo05.attach(12);
servo06.attach(13);
Bluetooth.begin(9600); // Baud Rate
Bluetooth.setTimeout(1);
delay(20);
/I Robot kol ilk pozisyon
servolPPos = 90;
servo0l.write(servolPPos);
servo2PPos = 150;
servo02.write(servo2PPos);
servo3PPos = 35;
servo03.write(servo3PPos);
servo4PPos = 140;
servo04.write(servo4PPos);
servo5PPos = 85;
servo05.write(servo5PPos);
servo6PPos = 80;
servo06.write(servo6PPos);

Figure 13. Software program used for the prototype

An android package kit (APK) application has been prepared for the system to be actively used. Since
the Arduino reduces the incoming voltage to 2.5 volts, the "+" and "-" voltages in the motors have been
integrated into a separate system. A motor driver was used to prevent frequency fluctuations in the
motors and to stabilize the voltage supplied to the motors. The Arduino Mega and the motors are directly
powered by 5V. All electronic and mechanical materials used for the prototype test are shown in Figure
14.

Figure 14. All materials used for the prototype test
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The prototype prepared as a result of combining the electronic and mechanical connections of the
product, which emerged with the necessary software and applications for the operation of the designed

robotic arm, has been made suitable for trial runs as seen in Figure 15.

MIG welding system is a heavy and complex system. In the system, the torch, connection cable, welding
control box and the conductive metal attached to the torch constitute the main parts of the system. There

is an on-off button on the welding torches for safety. The whole system is shown in Figure 16.

5

Figure 16. Main elements of the welding torch system

For active operation of the system, all activations of the electronic components were transferred to the
electronic card circuit. The first code written for security purposes was written to direct the robot to a
standard specific location. This starting position is shown in Figure 17.
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Figure 17. Starting position of welding torch

By calculating the movement and maneuver area of the robot arm, a floor on which it could perform the
operation was determined. The working principle is to follow the welding path on this ground and
complete the welding task. For this purpose, the process steps were started from the starting position
and followed the welding path in each welding region, and each step was recorded with the SAVE
command. After all movements are recorded, the robot arm follows the previously recorded path over

and over again with the RUN command in Figure 18.

Figure 18. Robot arm while doing MIG welding

The welded parts made by the prototype model MIG welding robot during the trial runs are shown in
Figure 19 before welding and Figure 20 after welding. For welding, the surface of the material must first
be cleaned. And before the material is welded, it must be attached to the place to be welded with a spot

and the surface flatness must be checked.
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Figure 19. The part to be welded

Figure 20. Workpiece after welding

5. Analysis and Results

For the analysis of the designed robotic arm, the second joint was selected. The reason for selecting this
joint is that it forms the connection point between the first and third joints in the design and is the limb
with the most important function in this respect. Since this joint plays a critical role in the movement
and load-carrying capacity of the robot arm, it directly affects the overall performance and precision
during welding operations. Therefore, the stiffness of this joint significantly affects the efficiency and
precision of the robot arm. SOLIDWORKS® program were used to analyze the deformation images and
deviation graphs resulting from the application of loads of different magnitudes on the meshed joint. In
SOLIDWORKS®, the direction of gravity was determined, and a fixed fixture was set. The material was
chosen as PLA. Deformation images and bends were observed by applying a force equal to the weight
of the torque at the free end and two loads greater than its own value proportionally. Initially, the
deformations and deviations caused by three different loads of 200 g, 300 g, and 400 g, in addition to

the standard torque (based on dimensions and materials) and the weight of the arm, were examined.
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Figure 21. Deformation graph and bending results from the first load

As shown in Figure 21, in the first load (200 g) analysis, it was observed that the deviation (deformation)
at the minimum applied load was a maximum of 4.596 mm. The deformation in the material occurred
outward and downward from the center of the joint. This low level of deformation indicates that the
robotic arm can operate under small loads without significant degradation. However, even this level of
loads can cause material fatigue over long periods of use, which can affect the durability of the arm in
the long term.
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Figure 22. Deformation graph and bending results from the second load

As shown in Figure 22, in the analysis of the second load (300 g), it was observed that the deviation
(deformation) at the minimum applied load was a maximum of 6.110 mm. The deformation in the
material occurred outward and downward from the center of the joint. This increased deflection indicates
that the joint exhibits flexibility at higher loads and may negatively affect the accuracy of welding
operations. Although this level of deformation is still within acceptable limits, optimizing joint strength
will be important to minimize loss of sensitivity. This result suggests that although PLA material is
suitable for 3D printing, it may show limitations when approaching the load limits under the operating
conditions of the robot arm. For situations where higher load capacities are required, strengthening the

material or using alternative materials may be considered in future designs.
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Figure 23. Deformation graph and bending results from the third load

As shown in Figure 23, in the analysis of the third load (400 g), it was observed that the deviation
(deformation) at the minimum applied load was a maximum of 8.027 mm. The deformation in the
material occurred outward and downward from the center of the joint. This degree of deformation
indicates that the arm may have difficulty maintaining its sensitivity in welding operations at this load
level. The increased deformation also indicates that the PLA material is approaching its limits for this
design.

These analyzes show that the robot arm can function under heavier loads, but the precision of welding
operations may be compromised. Optimizing the load-carrying capacity and reinforcing it in future
designs is recommended to ensure both precision and reliability under maximum operating conditions.
Materials with higher strength-to-weight ratio, such as carbon fiber composites, or the use of metal-
based 3D printing may contribute to solving the problems observed in these tests.

For the comparison and evaluation of the results, as seen in Figure 24, a mesh was applied to first joint

in the ANSYS® program, and the system's maximum bending and deformation graphs were generated.

25.00

Figure 24. Creating ANSYS® mesh



After the meshing process, the deformation (deviation) and load analysis results on first joint of the MIG
welding robotic arm, which underwent motion simulation at specified angles, are shown in Figures 25
and 26.
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Figure 25. Maximum stress graph

As seen in Figure 25, the maximum stress experienced by the second and third joints between 0° and
90° is shown in the graph. These stress concentrations highlight critical points where material fatigue or

failure may occur during long-term use.
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Figure 26. Maximum deviation graph

As seen in Figure 26, the total deviation that occurred in first limb was calculated as 344 mm. This
deviation and the calculated total movement time of 140 seconds demonstrate the dynamic behavior of
the arm during operation. Deflection indicates the accumulation of stress in the joint throughout the
movement cycle and highlights the need for design strengthening or advanced material selection to

reduce these effects.
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6. Conclusions

In this study, a lightweight and portable robot arm capable of MIG welding was designed and analyzed
for use in the automotive and defense sectors. The design of the robot arm was carried out using the
SOLIDWORKS® program and the material selection was made taking into account weight, strength
and cost efficiency. While PLA material was preferred for the body and joints of the arm due to its
mechanical properties suitable for the 3D printing process, ABS and brass were used in the components
of the welding torch to ensure heat resistance and conductivity.

Kinematic modeling of the robot arm was carried out with the Denavit-Hartenberg (DH) method and
kinematic and dynamic analyzes were performed to optimize its functionality. SOLIDWORKS® and
ANSYS® softwares were used together to simulate the mechanical behavior of the arm under different
load conditions. After designing in the SOLIDWORKS® program, the analyses conducted on the second
limb showed a deviation of 4.596 mm for a 200 g material under a 2 N load, 6.110 mm deviation for a
300 g material under a 3 N load, and 8.027 mm deviation for a 400 g material under a4 N load. Analysis
results showed that the arm performed well at moderate loads, but significant deformation and stresses
occurred in critical joints at higher loads. These findings reveal that the current design is suitable for
light duty, but optimization in material selection and joint reinforcement is required for applications
requiring heavy loads. In the analyses conducted in the ANSYS® program for the first limb of the
designed MIG welding robotic arm, the maximum deviation experienced by the first limb during a
motion simulation at different angles for 140 seconds was calculated to be 344 mm. This situation can
be considered as an issue that can be rectified by having the robotic arm first indicate the welding
coordinates and then perform the welding. In the same analysis, the maximum stress occurring was
calculated as 1.6288e-5 MPa, which is a very small value, indicating that the system can operate
healthily for a long period.

As a result, the designed MIG welding robot arm offers a promising solution for tasks requiring mobility
and flexibility, especially in environments where human intervention is risky. However, future studies
should focus on alternative materials such as carbon fiber composites or metal-based 3D printing to
increase the load-bearing capacity and deformation resistance of the arm. Additionally, it would be
beneficial to develop kinematic and dynamic models with more detailed mathematical expressions to

increase the sensitivity of the robot arm and its adaptability to industrial-scale applications.
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