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Abstract: Robotic manipulators are commonly used in the manufacturing industry for tasks such as assembly,
welding, painting, and palletizing. In these applications, precise control over the position and orientation of the robot's
end-effector is crucial for efficient and accurate operation. Both inverse and forward kinematics play crucial roles in
the design, programming, and operation of industrial robotic manipulators, helping to ensure their effectiveness, effi-
ciency, and safety in various manufacturing environments. In this paper the forward and inverse kinematic model of 6
degrees of freedom (DOF) industrial manipulator are presented. Additionally, the study focuses on analyzing single
pass welding across a range of different scenarios. These cases involve welding paths that have different geometric
shapes, with a goal to join the materials together and form a closed shape. Maintaining a vertical orientation of the
welding torch was achieved, because it is important for realizing uniform heat distribution, consistent weld bead ge-
ometry, and better control over the welding process, ultimately contributing to the effectiveness of the robotic welding
operation.
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KNHEMATCKA AHAJIM3A HA UHAYCTPUCKHW MAHUITYJIATOP CO 6 CTEIEHU CJIOBOJIA HA
JABUKEIBE U IINIAHUPAIBE HA TPAEKTOPHUJA ITPU ITPOLNECOT HA POBOTCKO 3ABAPYBAIBE

A1 cTpak T MHIyCTpHCKHTE POOOTCKHM MaHHUIYJIATOPH OOHMYHO ce KOPUCTAT BO IIPOM3BOACTBEHUTE MPOLIECH
€O 3aj1a4a Jia ce pealln3upa CKIOIyBambe, 3aBapyBame, 00jaucyBame U CKIaupame. 3a BakBa IPUMEHa, Npelr3HaTa
KOHTPOJIa Ha TI0JIO’K0AaTa M OpHEHTaIHjaTa Ha KPajHHOT WICH Ha poOOTOT € KIIy4Ha 3a e(pHKACHO U MPEIM3HO PaboTeHe.
VHBep3HaTa W JUPEKTHATa KHHEMAaTHKa WIpaarT KIy4Ha YJora BO [HM3ajHOT, NPOTpaMHUpameTo W paborara Ha
UHIYCTPUCKHUTE POOOTH, MOMarajku na ce o0e30eny HUBHA eeKTHBHOCT, euKacHOCT U 6e30eTHOCT BO pa3IuuHH
IMPOU3BOACTBCHU KallallMTETH. Bo OBOj TPpYA €€ NPETCTaBEHU NUPEKTHA U NHBEP3HA KUHEMAaTHKAa HA UHAYCTPUCKH Ma-
HHITYJIaTOp €O 6 cTernenu cioboa Ha apmkere (DOF). JIonoMHUTEHO, HCTPaKYyBambETO ce POKyCHpa Ha 3aBapyBamke
CO MOEANHEYHO TIOMUHYBAE 32 pa3sinyHy ciieHapuja. OBue ciydau BKJIydyBaaT 3aBapH, OJHOCHO TPACKTOPHH CO pa3-
JMYHA reoMeTprcka Gopma, co IIel CIojyBambe Ha MaTepujanuTte u GpopMupare 3aTBOpeHH natek. OpKyBambeTo Ha
BepTUKAIHATA OPUEHTAllMja Ha IJIAMEHOT 3a 3aBapyBame Oellle MMOCTUTHATO, OUICKH Toa € BaXKHO 33 OCTBAPyBamke
paMHOMepHa AUCTPHOYIMja Ha TOIUIMHATA, KOH3UCTEHTHA TeOMETPHja Ha 3aBapoT U MoJ00pa KOHTPOJIa BP3 POLIECOT
Ha 3aBapyBame, LITO Ha KPajoT MPUIOHECYBa 3a e()eKTHBHOCTA Ha MPOLIECOT Ha POOOTCKO 3aBapyBambe.

Knyunu 360poBu: poOOTCKHM MaHHITYJIATOP; TUPEKTHA KHHEMATHKA, NHBEP3HA KHHEMATHKa;
POOOTCKO 3aBapyBambe; MPOU3BOACTBO

1. INTRODUCTION quality, and safety standards in their manufacturing

processes [1]. Correct positioning allows robots to

The demand for precise positioning and track- perform tasks more efficiently by minimizing the

ing accuracy in industrial robots continues to in- need for additional adjustments or rework, which

crease as industries strive for higher efficiency, improves overall productivity and reduces produc-
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tion time and costs. In industries where robots work
alongside human operators, precise positioning
helps prevent accidents and injuries [2]. Robots can
avoid collisions with other equipment or workers by
precisely tracking their movements [3]. Industrial
robots are often employed for repetitive tasks where
consistency is crucial [4]. Precise robot controlling
ensures that each cycle of the operation is performed
identically, leading to uniformity in output [5, 6]. As
automation technologies advance, the integration of
robots with other automated systems becomes more
common [7], therefore seamless coordination be-
tween different robotic and machinery components
within an automated workflow is necessity. In man-
ufacturing processes such as welding and assembly,
even minor deviations in positioning can lead to de-
fects in the final product [8]. Robotic welding needs
to ensure that components are joined correctly and
that tolerances are met, resulting in higher quality
products. Moreover, in fields such as robotics-as-
sisted surgery [9] or high-precision manufacturing
[10], where even slight errors can have significant
consequences, ultra-precise positioning is impera-
tive. This ensures that delicate operations are per-
formed accurately and safely.

Robot kinematics determines how accurately
the robot can move its joints to reach a desired po-
sition and orientation in its workspace. By under-
standing the kinematics of the robot, engineers can
calculate the required joint angles or end-effector
positions to achieve the given desired task [11].
Kinematics plays a role in optimizing the robot's
motion to accomplish tasks efficiently. Through
kinematic analysis and optimization, engineers can
minimize the time and energy required [12] for the
robot to move between different positions, leading
to improved productivity. Kinematics is essential
for ensuring that the robot's movements are within
safe limits. By understanding the kinematic con-
straints of the robot, the motion trajectories that
avoid collisions with obstacles or other machinery
in the workspace can be designed and programed,
contributing to enhance safety for human operators
and equipment. Furthermore, by precisely control-
ling the robot's joint motions for consistent perfor-
mance of repetitive tasks, the variations in task exe-
cution can be minimized that leads towards greater
consistency in product quality. Kinematics is funda-
mental for coordinating the motions of multiple ro-
bots or robotic systems within an automated manu-
facturing environment [13]. By understanding the
kinematic relationships between different robotic
components, engineers can synchronize their mo-

tions to achieve seamless operation. Robot kinemat-
ics is central to achieving precise positioning, effi-
cient motion, and safe operation of industrial robots
across a wide range of applications. It provides the
foundation to design and control robotic systems
that meet the demanding requirements of modern
manufacturing environments.

In robotics, the inverse kinematics problem in-
volves finding the joint configurations or angles of
a robotic manipulator to achieve a desired position
and orientation of its end-effector. Conversely, the
forward kinematics problem involves determining
the end-effector pose based on the joint variables.
Solving the inverse kinematics problem is essential
in robotics, particularly in fields such as robot kine-
matics, motion planning, and control theory. Differ-
ent approaches can be used to solve this problem,
and each has its own strengths and weaknesses. Nu-
merical methods use iterative technigques to approx-
imate solutions. They are more versatile and can
handle a wider range of manipulators and end-effec-
tor poses. However, they tend to have higher com-
putational costs, longer execution times, and may
encounter issues such as local minima and numeri-
cal errors. The most common approach is Jacobian-
based methods [14], which use the Jacobian matrix
to iteratively update joint configurations until a de-
sired end-effector pose is reached. Closed-form
methods provide solutions in explicit mathematical
forms, often based on the geometry of the robotic
manipulator. They have advantages such as lower
computational cost and faster execution time com-
pared to numerical methods. However, they may not
be applicable to all types of manipulators and end-
effector poses. These methods include strategies
based on matrix manipulations, arm angle parame-
ter definitions, and geometric methods [15] or soft
computing approaches [16].

In the manufacturing industry, robotic arc
welding has grown in popularity because it provides
a fast return on investment, increases productivity
and weld quality, reduces production costs, and
saves time. Numerous industries have found success
with robotic welding due to its advanced features,
which include welding process control, workpiece
handling, sensors, and programming. Welding pro-
cesses are the most popular joining techniques in to-
day's industry. It is used for joining metal materials
permanently, with or without the additional material
by using heat and, or pressure. It is also thought to
be the most economical technique in terms of mate-
rial use and fabrication, producing a welded joint
that is homogenous and stronger than the parent
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metal. These benefits make this process perfect for
the production and restoration of structures across
various industries, including but not limited to auto-
motive, construction, agriculture, food processing,
marine and offshore, power generation, and aero-
space [17, 18].

In the following, Section 2 is dedicated to ro-
bot kinematics, including both forward and inverse
kinematics. Effective trajectory planning for indus-
trial robot welding operations plays a crucial role in
optimizing productivity, ensuring quality welds,
and maintaining a safe working environment.
Hence, in Section 3 modeling and simulation are in-
cluded, considering manipulator characteristics and
defining different welding cases. In these instances,
welding is utilized to connect materials along vari-
ous geometric paths, with the objective of creating
a unified closed shape. Section 4 presents the results
and analysis, followed by Section 5 that refers to the
conclusions.

2. ROBOT KINEMATICS

For modeling robotic manipulators, the De-
navit-Hartenberg (DH) method provides a system-
atic way to describe the geometry and kinematics of
a manipulator. Frames are assigned to each joint of
the manipulator, starting from the base frame and
progressing towards the end-effector frame. The
DH parameters used in this method include: 6; as
joint angle about the Zi-; axis; ai as angle of rotation
about the X;-; axis; di as the length of the link along
the Z;-, axis; and a; as distance between the Z;-; and
Zi axes, measured along the X;-; axis [19]. Figure 1
shows intermediate links in the chain.

Axis i-1 Axis i

Fig. 1. Link frames

The Z-axis of frame {i}, called Z;, is coincident
with the joint axis i. The origin of frame {i} is lo-
cated where the a; perpendicular intersects the joint
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axis i. Xj points along a; in the direction from joint i
to joint i+1. In the case of & = 0, X; is normal to the
plane of Z; and Zi:1. As being measured in the right-
hand sense about Xi, the a; is defined and the free-
dom of choosing the sign of a; in this case corre-
sponds to two choices for the direction of X;. Also,
Y; is formed by the right-hand rule to complete the
i-th frame [20]. These DH parameters are essential
for defining the transformation between adjacent
frames in the manipulator. By appropriately choos-
ing and assigning these parameters, the kinematics
of the manipulator can be accurately represented, al-
lowing for control and trajectory planning. In DH
parameterization, each joint of the robotic manipu-
lator is assigned a sequential number starting from
1 to n, where 1 represents the first joint nearest to
the base and n represents the last joint of the manip-
ulator, which is typically located at the end-effector.
The robotic manipulator with 6 rotational axes is
presented in Figure 2.

Swing arm Sholder
5-th axis (J5) Wing atm

Rotation arm

/
/
6
e

Tool

\Y =
e
\'\
" 3-th axis (J3)

/ / Flange
Lower arm

/H
% J—l\h\f:.\‘is ) s
6-th axis (J6) @\ ’ Ui

Fig. 2. Industrial robot with 6 rotational axes

2.1. Forward kinematics

Forward kinematics as one of the fundamental
concepts in robotics deals with the determination of
the position and the orientation of the end-effector,
the tool or end point of a robotic arm given the joint
variables, such as angles of its individual joints and
the link length. To achieve forward kinematics, one
typically defines a series of homogeneous transfor-
mation matrices for each joint of the robot. These
matrices describe the transformation from one coor-
dinate system to another as the robot moves through
its various joint configurations. By combining these
transformations, the position and orientation of the
end-effector relative to a fixed reference frame can
be calculated.
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The position and orientation of the tool frame
in relation to the base frame are determined by com-
bining the transformations (both translation and ro-
tation) between each intermediate frame and the
base frame using homogeneous transformation ma-
trices. Each intermediate frame provides infor-
mation about how much the robot has translated and
rotated from the base frame. By combining these
transformations using homogeneous transformation
matrices, we can accurately determine the position
and alignment of the tool frame relative to the base
frame.

These matrices are typically 4x4 matrices
T/t (i=1,..6):

Ti1 =
cos(8;) —sin(6;) cos(a;) sin(6;) sin(e;)  a;cos(6;)

_ [sin(8;) cos(8;) cos(a;) —cos(8;) sin(a;) a;sin(6;)
0 sin(a;) cos(a;) d;
0 0 0 1

D

The process of calculating the position and ori-
entation of the tool frame in relation to the base
frame involves multiplying the homogeneous trans-
formation matrices of each intermediate frame with
respect to the base frame. This multiplication effec-
tively combines the translation and rotation infor-
mation from each frame to determine the overall po-
sition and orientation of the tool frame.

Tg =T T3 TE TP TS T )
1 Tz Nz b
0_ |21 T2 T3 by
T 31 T32 T2 ¢, (3)
0o 0 O

The rotation matrix R (3 x 3) is formed by the
first three columns with notation r, and the transla-
tion vector T (3 x 1) is represented by the elements
in the last column, with notation t. The submatrix R

1 Tz T3
TO -1|T21 T22 T23
[ 1 (01)] T31 r32 TZZ
0 0 O
¢ st 0 0f[rir ™2
=s1 ¢ 0 0ffr21 722
0 0 1 0] T2
o o0 o 1]10 O

represents the rotation, while T is the translation part
of the homogeneous transformation matrices.

2.2. Inverse kinematics

Finding the position and orientation of the end-
effector given the joint angles of the robot, i.e., cal-
culating how the robot's joints move the end-effec-
tor in space is a task for forward kinematics. On the
other hand, finding the joint angles required to place
the end-effector at a specific position and orienta-
tion in space is a task related to inverse kinematics.
Robots typically operate in joint space, where
movements are defined by the angles of the robot's
joints. However, tasks are often specified in Carte-
sian space, where positions and orientations are de-
scribed in terms of coordinates and orientation ma-
trices. Converting from Cartesian space to joint
space involves solving the inverse kinematics prob-
lem. This requires finding the joint angles that
achieve the desired end-effector position and orien-
tation [21].

The general problem of inverse kinematics can
be stated via the desired position and orientation of
the end-effector T; and 4 x 4 homogeneous trans-
formations [22], namely, to find (one or all) soluti-
ons of the equation:

4)

Among the most challenging issues in robotics
is inverse kinematics. The task is to find the values
for the joint variables g, ... q,, that satisfied the
equation. Because each link in the robotic manipu-
lator has a transformation matrix that describes how
it moves relative to the previous link or the robot's
base, by taking the inverses of these transformation
matrices and premultiplying them [23, 24], it can be
combine the effects of each link's movement to find
the joint angles required to achieve the desired end-
effector pose. Consequently, for:

TX(q1, ) =Ty

=[P T TETETS TS

®)

(6)
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it follows:

0, = atan2(t, t,) — atan2(—s;t, + ¢4 Ly, i\/t,% + 2+ (—sit + Clty)z) (7

(65 = atan2(as, d,) — atan2(K, +\/a3 + di — K?) (8)

where simplify notations are c; for cos(6;), and s; for sin(6;), and
K=[t2+t2+t:—a} —a3 (—sitx + clty)2 —d?] / 2a, 9)

Taking into consideration that:

1 Tz TNz U

1 |r T T t _
[T30 (62)] ! rzi 7;2 rzz tJZ/ = [Tlo T3 T32] VTP T TS T Ts4 T65 (10)
0 0 0
C1C23 S1C23  —S23 —AC37[ry; 1, T3ty
—C1S23  —S1S23  —Ca3  AS3 ||y Tap Taz by _ s 4 5
_51 Cl 0 _d3 11'31 r32 r22 tz - T4 (94) TS (95) T6 (96) (11)
0 0 0 1 0 0 0 1

it follows:
0, = atan2[(—az — a,c3)t, — (Cltx + Slty)(d4 — a353), (az53 — dy)t, — (az + ac3)(city + 51ty,)] — 63 (12)

0, = atan2(—7y38; + 1331, — 113C1Co3 — 12351Ca3 + 133523), (13)
where simplify notations are c;; for cos(8; + 6;), link of the robot, it means that the manipulator is in
and s;; for sin(6; + 6;). If 65 = 0, the joint axes 4 a singular configuration. Furthermore, considering
and 6 line up and cause the same motion of the last that:

T Tz Tz tx
1 |r T T t _
o [ T T Y| e r ro i 1 T T g )
Z
0 0 0 1

€1C23C4 t 5154 $1C23C4 — €18y —Sp3Cy  —0C3C, +d3Sy —azcy] [y Tz Tz by
—C1C23S4 +S1C4  —S1C23S4 — C1Cq  Sp3Sy  QpC3Sy +d3Cy +a3Sy |21 Ta2 Taz Gy _ T2(65) TE(65)
—C1S;3 —S1S23 —Ca3 a,s; — d, T31 T2z T2 ot 5AUs7 76 AT6

0 0 0 L 0o 0 0 1

(15)
it follows:

05 = atan2[-113(c1C23C4 + 5154) — T23(51C23C4= €1S4) + 133(523€4),

113(= €1523) + 123(=51523) + 133(=C23)] (16)

At last, since:
ryp Tz Tz tx

-1 |r T T t -
[T 2y 22 08 Y| = T T T3 T3 T3 T8 T3 = TE (06) (17)

Z
0 0 0 1
The following angle is obtained:
06 = atan2[ —111(C1C2354 + 51C4) — 121(51C2354 + €1¢4) =
= +731(S2354), 11 [(c1C23€4 + 51S4)C5 — €152385] +

+721[(51C23€4 — €154)C5 — 51523S5] — 131(S23C4C5 + €2355)] (18)
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In this manner, solving the inverse kinematics
of the 6 DOF manipulator needs addressing twelve
sets of nonlinear equations. The primary unknown
is 6, that appears on the left side of the equation (5).
Furthermore, the twelve nonlinear matrix elements
on the right side of the equation can be either zero,
constant, or functions of 8, through 6. Therefore,
by equating the elements on both sides of the equa-
tion, the joint variable 6, is solved as functions of
T11,T12, -+, T33, by, Ly, 5, @nd fixed link parameters.
Once 6, is determined, subsequently the remaining
joint variables can be solved using this procedure.

3. TRAJECTORY PLANNING

3.1. Modeling and simulation

Modeling and simulation play crucial roles in
industrial robot path planning by providing a struc-
tured approach to designing and optimizing motion
trajectories in complex environments. Through de-
scribing the physical structure of the robot and de-
veloping mathematical equations that describe the
relationship between the joint angles and the posi-
tion and orientation of the end-effector in space,
these models provide a simplified yet accurate de-
scription of the robot's capabilities, allowing to un-
derstand how it will move and interact with its en-
vironment. The process begins with importing a
CAD model of the robot into the software environ-
ment. This model includes the geometrical and me-
chanical information about the robot, such as its
links, joints, and end-effector. It is followed by con-
figuring the virtual environment within the software
by setting up the workspace, defining any obstacles
or constraints, and specifying the task requirements.
Establishing the kinematic model of the robot in this
kind of environment includes defining the joint
types, ranges of motion, and kinematic constraints
based on the physical characteristics of a real robot.
When these steps are complete, programing the de-
sired tasks with motions that the robot needs to per-
form can be done. This could involve defining tra-
jectories, and sequences of movements in the direc-
tion of accomplishing specific objectives. The key
features of the simulation approach are its ability to
demonstrate the robot's movements within the vir-
tual environment and to visualize how the robot will
execute the programmed tasks, identify potential is-
sues, and refine the robot’s movements as needed.
Analyzing the simulation can result in verification
of the programmed tasks, meeting the desired crite-

ria and performance objectives, optimizing the effi-
ciency, accuracy, and safety.

3.2. Robotic manipulator characteristics

Robotic systems possess diverse characteris-
tics, encompassing factors such as robot size, its
load capacity and range of motion, which are gov-
erned by joint limits that define the allowable range
of motion for each articulated joint. As discussed
previously, their kinematics are further described by
DH parameters, crucial for precise trajectory plan-
ning and control. Table 1 represents the characteris-
tics of the 6 DOF manipulator used for this study,
related to parameters a, a, d, and the corresponding
six joint limits.

Table 1
6 DOF manipulator characteristics

i ai ai di Joint limits
d (degree) (mm)  (mm) (degree)
1 -90 160 430 -60/60
2 180 580 0 0/90
3 90 125 0 -80/80
4 -90 0 239 -180/180
5 90 0 0 -80/80
6 0 0 411 -270/270

3.3. Weld seam trajectories

Single-pass welding involves making a single
weld pass to fill the joint, while multi-pass welding
involves making multiple passes to fill larger or
deeper joints. The choice between single and multi-
pass welding depends on factors such as the thick-
ness of the material and the desired strength of the
weld. In this study we consider the single pass weld-
ing in 3 different cases, as shown in Figure 3. These
cases involve welding paths that have different ge-
ometric shapes, with a goal to join the materials to-
gether and form a closed shape. The welding torch
moves along the edges of a triangle, rectangle and
curved edge of a semicircle, i.e., creating welding
seams along straight and curved paths. Case 1 has
one path length of 243 mm and two of 172 mm.
Case 2 has four straight lines, each with a length of
120 mm, and Case 3 has one straight line with a
length of 243 mm and a curved path of 382 mm. The
starting and ending positions of the welding torch
are 10 mm above the xy-plane, and each case has its
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own starting and ending position. The positions of
the robot base and the work bench do not change
during the execution of these three cases.

Welding torch \\l

I

StartoEnd

StartoEnd

z ; path :
kx‘ '

seams

direction

Case 3 i /

Fig. 3. Welding seams trajectories

Case 1

Y, 2
_ Work bench Case 2

4. RESULTS AND ANALYSIS

The results obtained from these three setups,
i.e. for the different welding paths and robot move-
ments, are presented in Figures 4, 5 and 6. It is no-
table the changes in the angles of each of the 6 joints
during the realization of the sated goals, which is to
pass the entire path to form a closed trajectory, i.e.,
welding seams. The change in angles is obvious for
each of the 6 joints, but it is smooth and without
sudden variations, and it is within the set joint limit
values. The biggest change in the angles is observed
for case 3, where in addition to moving in a straight
line, moving along a path in the form of a semicircle
is also needed. When movement along a curve is
performed, it is observed that there are greater
changes in the angles of joints 4 and 6 compared to
other joints. This is due to the fact that these are ro-
bot joints associated with rotating the welding torch
attached to the robot, while keeping it constantly in
a vertical direction for the purpose of effective
welding. The vertical dashed lines separate the time
when the robot performs welding and moving along
the given trajectory. The time intervals on the left
and far right refer to the robot approaching and re-
tracting, moving towards and away from the work-
piece, respectively. Therefore, the change of the an-
gles when the robot begins to move from the marked
start point to the point where the welding is, also
when it has reached the last point of the path and
retracting from the work piece to the point marked
as the end, is presented. The angles of the robot's
joints evolve during the entire process, from initial
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in industrial applications.
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5. CONCLUSIONS

Comprehensive understanding of the kinemat-
ics of an industrial manipulator is important for ac-
curate controlling its movements, programing it to
perform various tasks, to optimize its performance,
and for ensuring safe operation in industrial envi-
ronments. Each joint of the manipulator can be ro-
tated to different angles, allowing the end-effector
to reach various positions and orientations in the
workspace. Forward kinematics involves determin-
ing the position and orientation of the end-effector
given the joint angles, using mathematical models,
often based on transformation matrices or DH pa-
rameters. On the other hand, inverse kinematics
deals with determining the joint angles required to
achieve a desired position and orientation of the
end-effector. Solving inverse kinematics problems
can be more complex and time-consuming consid-
ering manipulators with more degrees of freedom.
As the number of degrees of freedom increases, the
number of equations needed to solve the inverse
kinematics problem also increases. This leads to
more complex mathematical relationships between
the joint angles or positions and the desired end-ef-
fector pose.

In our study we considered 3 cases related to 3
different welding operations where materials are
joined together along different specific paths to cre-
ate a unified, closed shape. This could be a neces-
sary step in various manufacturing processes, such
as fabricating metal components for machinery, or
building structural frameworks. When the 6 DOF
manipulator is used to move the welding torch along
a curve path, is observed that there are greater
changes in the value of the angles of joints 4 and 6.
More significant changes in their angles compared
to other joints during the movement along the curve
occur because they are joints associated with the ro-
tation of the welding torch attached to the robot. For
the purpose of effective welding, the aim of keeping
the tool oriented vertically as much as possible dur-
ing the welding process was achieved. This vertical
orientation is crucial for ensuring proper weld pen-
etration and quality. The adoption of robotic arc
welding in the manufacturing industry offers nu-
merous benefits, including cost savings, improved
productivity, enhanced weld quality, and shorter
lead times, making it an attractive investment for
many companies. Besides increasing the efficiency,
repeatability, and precision, the manufacturers can
consistently produce high-quality welds across a
wide range of products and materials.

REFERENCES

[1] Gao, G., Sun, G., Na, J., Guo, Y., & Wu, X. (2018): Struc-
tural parameter identification for 6 DOF industrial robots.
Mechanical Systems and Signal Processing 113, 145-155.

[2] Robla-Gémez, S., Becerra, V. M., Llata, J. R., Gonzalez-
Sarabia, E., Torre-Ferrero, C., Perez-Oria, J. (2017):
Working together: A review on safe human-robot collabo-
ration in industrial environments. leee Access 5, 26754—
26773.

[3] Haddadin, S., De Luca, A., Albu-Schéffer, A. (2017): Ro-
bot collisions: A survey on detection, isolation, and identi-
fication. IEEE Transactions on Robotics 33 (6), 1292—
1312.

[4] Appleton, E., Williams, D. J. (2012): Industrial Robot Ap-
plications. Springer Science & Business Media.

[5] Bilancia, P., Schmidt, J., Raffaeli, R., Peruzzini, M., Pel-
licciari, M. (2023): An overview of industrial robots con-
trol and programming approaches. Applied Sciences 13 (4),
2582.

[6] Rawat, D., Gupta, M. K., Sharma, A. (2023): Intelligent
control of robotic manipulators: a comprehensive review.
Spatial Information Research 31 (3), 345-357.

[7] Bock, T. (2015): The future of construction automation:
Technological disruption and the upcoming ubiquity of ro-
botics. Automation in Construction 59, 113-121.

[8] S6derberg, R., Warmefjord, K., Lindkvist, L., Berlin, R.
(2012): The influence of spot weld position variation on
geometrical quality. CIRP Annals 61 (1), 13-16.

[9] Biswas, P., Sikander, S., Kulkarni, P. (2023): Recent ad-
vances in robot-assisted surgical systems. Biomedical En-
gineering Advances, 100109.

[10] Avram, O., Valente, A. (2016): Trajectory planning for re-
configurable industrial robots designed to operate in a high
precision manufacturing industry. Procedia CIRp 57, 461—
466.

[11] Yang, C., Ma, H., Fu, M. (2016): Robot kinematics and
dynamics modeling. In: Advanced Technologies in Mod-
ern Robotic Applications. Springer, Singapore.

[12] Gadaleta, M., Pellicciari, M., Berselli, G. (2019): Optimi-
zation of the energy consumption of industrial robots for
automatic code generation. Robotics and Computer-Inte-
grated Manufacturing 57, 452-464.

[13] Gogouvitis, X. V., Vosniakos, G. C. (2015): Construction
of a virtual reality environment for robotic manufacturing
cells. International Journal of Computer Applications in
Technology 51 (3), 173-184.

[14] Park, S. O., Lee, M. C., Kim, J. (2020): Trajectory plan-
ning with collision avoidance for redundant robots using
jacobian and artificial potential field-based real-time in-
verse kinematics. International Journal of Control, Auto-
mation and Systems 18 (8), 2095-2107.

[15] Zaplana, 1., Hadfield, H., Lasenby, J. (2022): Closed-form
solutions for the inverse kinematics of serial robots using
conformal geometric algebra. Mechanism and Machine
Theory 173, 104835.

[16] El-Sherbiny, A., Elhosseini, M. A., Haikal, A. Y. (2018):
A comparative study of soft computing methods to solve

Mech. Eng. — Sci. J., 42 (1), 43-51 (2024)



Kinematics analysis of 6 DOF industrial manipulator and trajectory planning for robotic welding operation 51

inverse kinematics problem. Ain Shams Engineering Jour-
nal 9 (4), 2535-2548.

[17] Lin, W., Luo, H. (2014): Robotic welding. In: Nee, A.
(ed.), Handbook of Manufacturing Engineering and Tech-
nology. Springer, London.

[18] Hong, T. S., Ghobakhloo, M., Khaksar, W. (2014): 6.04 —
Robotic welding technology. In: Comprehensive Materials
Processing, Elsevier, pp. 77-99.

[19] Garnayak, O. P., Soumyaranjan, S., Choudhury, B. B.
(2020): Kinematics analysis of a 6-DOF industrial robot.
In: Nayak, J., Balas, V., Favorskaya, M., Choudhury, B.,
Rao, S., Naik, B. (eds.), Applications of Robotics in Indus-
try Using Advanced Mechanisms. ARIAM 2019. Learning
and Analytics in Intelligent Systems, Vol 5. Springer,
Cham.

Mauwi. unore. nayu. ciiuc. 42 (1), 43-51 (2024)

[20] Kucuk, S., Bingul, Z. (2010): An off-line robot simulation
toolbox. Computer Applications in Engineering Education
18 (1), 41-52.

[21] Craig, J. J. (2006): Introduction to Robotics. Pearson Edu-
cacion.

[22] Spong, M. W., Hutchinson, S., Vidyasagar, M. (2020): Ro-
bot Modeling and Control. John Wiley & Sons.

[23] Kucuk, S., Bingul, Z. (2014): Inverse kinematics solutions
for industrial robot manipulators with offset wrists. Ap-
plied Mathematical Modelling 38 (7-8), 1983-1999.

[24] Zhang, L., Zuo, J., Zhang, X., Yao, X., Shuai, L. (2015):
A new approach to inverse kinematic solution for a par-
tially decoupled robot. In: 2015 International Conference
on Control, Automation and Robotics (pp. 55-59). IEEE.



