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Abstract: Writing on steel coils and slabs (to mark them) is one of the problems
faced by domestic steelmaking industries. Currently, this operation is done with the
help of human power, which has its own drawbacks. In order to solve these
problems, a marker robot is supposed to be applied. This robot writes letters,
numbers, and signs on steel coils with an automatic paint spray gun. The robot
intended for this purpose is a 5 degrees of freedom robot (5DOF), 3 degrees of
freedom are related to the robot arm, and the other 2 degrees are related to the robot
wrist. Due to the special conditions governing the problem, the solution of inverse
kinematics has been done by the geometric method, which is simpler than the
algebraic method. In order to determine the path of the robot (the path of letters and
numbers), a series of time-dependent Equations have been applied. To show the
accuracy of the planned trajectory, simulations have been carried out on the
mentioned robot and the movement trajectory of the end-effector and the
configuration of the arm have been graphically displayed. The programming of the
robot's trajectory has been performed in MATLAB and LabVIEW and Visual
Nastran has been applied to simulate the robot's trajectory.
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1 INTRODUCTION

2 RESEARCH METHOD

In today's world industry, the use of robots in different
parts of the production line is increasing [1-4]. For
example, applying different kinds of robots is a privilege
in steel factories [5-6]. An example of these robots is the
writer (or marker) robot, which draws letters, numbers,
and symbols on steel coils and slabs using a mobile
automatic paint spray (pistol) [7-8]. Carrying out such
proportional movements requires the proper design of
the path of the robot's end-effector. In 1991, "Su" and his
colleagues presented an effective and optimal method
for designing the trajectory of paint-spraying robots,
which was used in the future. Designing a suitable
trajectory for paint spraying robots was a vital thing in
the industry at that time because it prevented the wastage
of a significant amount of paint, resulting in a significant
saving in time and cost [9]. In addition, the final stage of
the design of the robot requires several analytical and
numerical methods such as finite element methods [10-
14]. In 1994, Antonio conducted research on the design
of the movement trajectory of a robot that covered
different parts by spraying and obtained results. The
research conducted by Antonio was the foundation of the
next industrial projects [15]. In 1997, Asakawa
developed a new method of designing the trajectory of
car body paint spraying robots. His method, which was
implemented under the title of Teachingless robots, was
successful and saved time and money for the Hyundai
company [16]. In 1996, Hertling conducted research on
the design of complex and curved paths of the paint-
spraying robot. Of course, Hertling's work remained a
research project, but his research was very valuable for
subsequent research [17]. To truly manufacture the
marker robot, several precise manufacturing and
production methods such as forming and machining
should be applied [18-27]. Currently, in the steel
industries of our country, writing on the steel coils and
slabs is done by human power, which has its own
problems. Therefore, according to the domestic
industry's need for such robots, a research plan was
defined, and the results related to the trajectory planning
of the robot arm are presented in this article. According
to the parameters and characteristics of the designed
robot, it is necessary to first solve the direct and inverse
kinematics of the problem in order to obtain the
transformation matrix of the joints. Next, the trajectory
planning of the robot to write letters is done, and
position-time Equations of the path of writing letters are
extracted. After obtaining the Equations of the path, the
angles of each joint during the operation of writing
letters are obtained with the help of programming in
MATLAB and LabVIEW. In the end, the result of the
simulation was done by Visual Nastran software.

2.1. Solving Inverse Kinematics for Writing on Slabs
In order to determine the transformation matrix of the
joints, the parameters of the Denavit-Hartenberg robot

according to “Fig. 1” are given in “Table 1” [28].

Fig.1  Schematic view of the robot and its parameters.

Table 1 Denavit-Hartenberg parameters of the robot

i oi-1 ai1 di 0i
1 0 0 di 01
2 -90 0 0 02
3 0 L1 0 03
4 0 L 0 04
5 90 0 0 05

The frameworks considered to solve the problem
according to “Fig. 2” are the basic framework (0), the
final end-effector framework (EE), and the panel
framework (S). The frame of the painting is mounted on
a stationary slab.

Fig.2  Display of the basic frameworks, the EF, and the
slab.
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Thus, the relationship between the transformation
matrices of the frames is according to Equation (1):

OTE = OTs STE (l)
The transformation matrix of the end-effector relative to
the base of the robot is equal to °Te. The matrix °Ts is
obtained by multiplying the transformation matrices 1 to
5 (according to Equation (2)).

0T5: 0T1 1Tz 2T3 3T4 4T5 (2)

Finally, the matrix °Te can also be expressed according
to Equation (3):

1 0 0 px
0T - 0 1 0 py (3)
=
0 0 1 pz
0 0 0 1

The pistol should be perpendicular to the table while
writing, however, the part related to the transformation
matrix Te is equal to the identity matrix [29].

pX, py, pz are the final positions of the robot’s end-
effector from the base, which is explained in the
trajectory planning section 2-3. As stated, due to the
special conditions governing the problem, the geometric
method has been used to obtain the inverse kinematics
of the robot. The special condition of the problem is the
verticality of the robot's end-effector on the table, which
must be maintained at all times.

X( i
o O4 |

(. LR pXx

Robot Base

Top view

Fig.3  Robot top view for expressing 61 and 0s.

According to the explanations provided, the method of
obtaining the angles from 0; to 6s has been examined in
the following. As it is clear from “Fig. 3”, 6, and 0s are
obtained from Equations (4 and 5):

6, =tan"(py/ px) (4)

6, =—tan*(py/ px) =6, (5)

It should be noted that since the conventional
rotation directions of 01 and Os are opposite to

each other, so their signs are also opposite.
According to “Fig. 47, 03 is obtained from Equation (6):

W= pz® + (px/cosd,)’
w?=L"+ L +2LL,cos(z—6,)
2 2 2 2
0, - cosl[ pz° +(px/cosé) - L " —L, J 6)

2LL,

dé» ‘ px /cose,
Robot Base

Fig. 4  View of the robot to express 62, 63 and 0a.

Also, 0 is obtained as Equation (7) after the following
calculations:

O,=—y—¢
— tant pz

¢ =tan (px/cos elj
L L w

sing _sina_ sin(z—6,)

W =sin L, sin(z —&,)
Jp2 + (px/cosd)?

=0,=-sin" __Lesin(z=6) —tan‘l[ Pz J @
pz’ + (px/cos@,)’ px/cosé,

And according to “Fig. 4”, 04 is obtained according to
Equation (8):

0,=-6, -0, ®)

2.2. Solving Inverse Kinematics for Writing on Coils
The parameters of Denavit Hartenberg are similar to
“Table 1”. In this way, it is possible to obtain the
transformation matrix of the joints in relation to each



other. For example, below (Equation (9)) is the
transformation matrix of the third joint compared to the
second:

cos(6,) —sin(g;) 0 L

o - sin(6,) cos(&;) 0 0 9)
0 0 1 0
0 0 0 1

The frameworks considered to solve the problem
according to “Fig. 5” are the basic framework (0), the
end-effector framework (EE), and the panel framework
(S). The panel frame is mounted on the coil.

Fig.5 Display of the basic frameworks, the end-effector,
and the panel (coil).

The paint pistol should be perpendicular to the coil when
writing. Therefore, due to the special status of the
project, the geometric method has been used to obtain
the inverse kinematics of the robot. The special
condition of the problem is the verticality of the robot’s
end-effector on the coil, which must be maintained at
every moment. With the explanations provided, the
angles 6 to 6s can be obtained in the following order.

As it is clear from “Fig. 67, 0 is obtained from
Equations (10 and 11):

6, =tan*(k/ px)

k=Rsina
px =X+ x(t) (10)
I e
l,/ 1—’;1\95

8, ' IR o |

" | xity | .
Robot Base 2 “

Top view

Fig. 6  The top view of the robot to express 01 and 6s.
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Where, R is the radius of the coil and X is the
longitudinal distance of the coil from the base of the
robot (“Fig. 67).

6, =tan*(Rsina / px)

o is expressed in radians:

0 —tanl( Rsin(py/R)]
) = RSIMPY/IR)

PX (12)

According to “Fig. 6, 6s is obtained from Equations
(13):

a=py/R

= 6, =—[R—Rcos(py/R) + py/R] (13)

02, 03, and 6,4 are the same as writing on the slabs:

a3ZCOS1[pzz+(pX/COS@)2‘*ﬂz—lﬁzJ (14)

2LL,
6, =—sin™ L, sin(z — &) - tanl[pZ J
’ Jpz? + (px/cosd,)’ px/cos 6,
(15)
0, =6, 6, (16)

2.3. Trajectory Planning

A reference point (0,0) is determined for each letter, and
the movement starts from this point and ends at this
point. As mentioned, due to the use of an automatic paint
spray gun (automatic change of disconnecting and
connecting action), there is no need for the final operator
to move away from the keyboard anymore, and the
letters are written continuously, therefore, its complete
path should be considered for each letter. Thus, it starts
from the reference point and includes all the components
of the letters as well as the interface between the
components. Finally, it returns to the reference point.
For example, according to “Fig. 77, to write the letter E,
eight lines should be used, four of which are main (2, 3,
5, 7) and four are auxiliary (1, 4, 6, and 8). The paint
spray gun is on when crossing the main lines (solid lines)
and off when crossing the auxiliary lines (pale lines).
Also, the path of the letter C is also shown, in which
segments 1 and 3 are auxiliary and arc 2 is main.
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1 -

refrence(0,0)

'lellence{U.U}
Fig. 7 The moving path of letters E and C.

The path of other letters is obtained similarly. Now the
Equations of the lines and curves forming each letter or
number should be written as locus Equations. For
example, the Equations of the first three-line segments
of the letter E are in the form of Equation (17):

z=-0.2857y
z=20 17
y=-10

Also, polar coordinates should be used to write the
Equations of circular or ellipse components of letters.
For example, the Equation of the elliptical arc of the
letter C is given in Equation (18):

y =50sin6 —60
z=80co0sd +100 (18)
—-0547<0<054r

Now the Equations that are in terms of locus should be
converted into locus-time Equations. This work is
achieved according to the speed of the robot's performers
and its acceleration time. For example, the Equation of
the first line segment of the letter E in terms of time is
according to Equation (19):

y(t) =-48.0762t

z(t) =13.735t (19)

0<t<1.456

Also, the Equation of the elliptical arc of the letter C in
terms of time is according to Equation (20):

0 =-0.4727t +3.9611

y(t) =80 cosé +100 (20)
z(t) =50sin & —60

1.46<t<8.46

Thus, the values of px, py, and pz used in the
transformation matrix are according to Equation (21):

px =X
py =300+ y(t) (21)
pz=27Z+z(t)

Where, X and Z are the longitudinal distance and height
of the board/panel from the base of the robot. For
example, in order to write on the slab, the transformation
matrix °Tg for the first segment of the letter E is as
Equation (22):

1 0 0 X
or | O 1 0 300 — 48.0862t
Tl o 0 1 13.735t + Z
0 0 0 1

(22)

For writing on the coils, x(t) according to “Fig. 8” is
obtained as Equation (23):

Xl i ]

8

Fig.8  The conversion of a flat panel to a circular panel

(coil).
X(t)=R—]j
j=Rcosa
X(t)=R—-Rcosa
a=py/R
= X(t) =R—Rcos(py/R) (23)

For example, the °Te conversion matrix for the first
segment of the letter E is according to Equation (24):
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1 0 0 X + R — Rcos((300 — 28.086t) / R)
or _| O 1 0 300 — 48.0862t (24)
F 0 0 1 13.735t + Z
0 0 0 1

3 SIMULATION AND RESULTS

3.1. Simulations for Writing on Steel Slabs

The inverse kinematics programming of the robot is
done in MATLAB software, whose inputs are six letters
or numbers and robot parameters such as the length of
the members and the distance from the base of the robot
and the output of the robot angles program, which is
obtained from the inverse kinematics solution. The
angles obtained from the output of the program can be
checked by the direct kinematic Equations of the robot,
which are shown in “Fig. 9” of the related diagrams.

xn 1
"
-0 o

Fig.9  Testing the program for writing on the slab.

Simulink and Visual Nastran software have been used to
simulate the robot's movement path. Figure 10 shows the
model designed in Simulink for kinematic simulation
[30].

Fig. 10 Model designed in Simulink.

Also, in “Fig. 117, two states of the machine (robot arm
system) simulated for the designed model are shown.
The simulated machine follows the trajectory of the
given letters.

Yoo \ R
P | T

Fig. 11 Two states of the machine simulated for the
designed model.

According to the simulation performed in Simulink, the
final position is obtained in terms of two y-z axes, whose
diagram is shown in “Fig. 12”.

11111Y ¥ Plot
B0 .
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Fig. 12  Position of the end-effector.

In fact, “Fig. 12” shows the verification of the simulation
results with Simulink because the end-effector has
exactly followed the path of the desired letters. Nastran
is a powerful simulation software that provides reliable
results. Figure 13 shows four states of the robot in the
simulation operation in Visual Nastran.

As it is clear from “Fig. 137, the robot follows the path
of the letters exactly, and this means the accuracy of the
path design and solving the inverse kinematics problem.
Also, according to “Fig. 137, it is evident that the end-
effector of the robot is perpendicular to the slab at any
moment. As a result, the spray gun is perpendicular to
the surface of the slab at any moment, and this causes
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the dispersion of the paint from the gun to be minimized
and the best quality of the written text is achieved.

Y.

Fig. 13 Different states of the robot during the simulation
operation.

3.2. Simulations for Writing on Steel Coils

The inverse kinematics programming of the robot is
done in MATLAB software, whose inputs are six letters
or numbers and robot parameters such as the length of
the links, the distance of the coil from the base of the
robot, the radius of the coil, and the output of the robot
angles program, which is obtained from solving the
inverse kinematics. The angles obtained from the output
of the program can be tested by direct kinematic
Equations of the robot, which are shown in “Fig. 14” of
the program test diagram.

f.enandr
—

e iy

m W w oo “wh

Fig. 14 Testing the program for writing on the coil.

As it is clear from “Fig. 147, the path of the end-effector
is located on the arc of the circle that corresponds to the
circumference of the steel coil. Also, “Fig. 15” shows
the Block Diagram view of the program written in
LabVIEW software.

Similar to the program written in MATLAB, it takes 6
letters or numbers as input, and according to the
parameters of the robot set in the Block Diagram, the
angles of the robot obtained from the kinematics solution
save the results obtained as output in the corresponding
files. Figure 16 shows the Front panel view of the written
program after its execution. As it is known, the proposed
test diagram is completely consistent with the test
diagram drawn in MATLAB.

e 32|

o4

i {

Fig. 15 The block diagram view of the program written in
LabVIEW.
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Fig. 16  Front panel view of the executed program.

Fig. 17 Different states of the robot while writing on the
coil.

Fig. 18 The view from the top of the robot after the end of
the simulation.



In addition, Visual Nastran software has been used to
simulate the movement of the robot. Figure 17 shows the
four states of the robot during the simulation operation,
as well as the top view of the robot after the end of the
simulation operation is shown in “Fig. 18” in the Visual
Nastran software.

As it is clear from “Figs. 17 and 187, the end-effector is
perpendicular to the coil at any moment, and the path of
writing the letters is circular and in line with the body of
the coil, and this indicates the verification of solving the
problem.

4 CONCLUSIONS

The goal of this article was to design the path of the robot
designed for marking on the steel slabs and coils, which
obtained the following results:

1- The first step to achieve this goal is the direct
kinematics solution of the problem, which was done
after determining the robot's Denavit-Hartenberg
parameters and then the matrices Joint transformation
was obtained.

2- Due to the special conditions governing the problem,
the inverse kinematics of the robot was performed using
the geometric method, which is much simpler and more
reliable than the algebraic method.

3- Designing the path of the robot was done with the help
of designing the path of the letters and the required
angles of the joints were extracted during the operation.
4- Finally, the verification of solving the problem was
ensured by carrying out simulation operations with
strong and reliable software such as Nastran and
LabVIEW.
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