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Abstract. With the rapid development of technology, intuitive educa-
tional tools are becoming increasingly important and popular, not only
in elementary and secondary schools, but also in universities. This paper
deals with the development of a program code and a visualization win-
dow, which can help students to better understand robot kinematics. To
solve the forward kinematic problem, the Denavit-Hartenberg convention
is used. The inverse kinematic problem is described using a geometric ap-
proach. The article includes the presentation of the developed program
code and its visualization interface for a 5 DOF robot, whose first three
links are connected by revolute joints, forming an RRR kinematic chain.
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1 Introduction

Nowadays, it is increasingly important to use various technical tools in the ed-
ucation of students to help them understand better or clarify problems. This
approach is also increasingly present in engineering, e.g., illustrating various
machine elements with 3D design systems or visualizing a PLC-controlled pro-
cess serves more to understand and clarify. Several articles address the field of
robotics from an educational technology perspective.

Article [1] presents a robotics education system, which integrates virtual
reality, remote control, and a physical laboratory environment to teach the kine-
matics of robots. A web-based simulation platform was presented including 6-
DOF and SCARA robots that allow students to perform experiments safely
compared to the real-world robotic tasks. This hybrid approach can improve
learning efficiency and reduce resource requirements. A comprehensive overview
of 17 robotics simulators used in education, highlighting their role in improving
accessibility, reducing costs, and enabling safe experimentation is detailed in [2].
Furthermore, interactive, visual simulation environments significantly enhance
understanding of complex robotic concepts.

Paper [3] provides a bibliometric and visualization-based analysis of research
in educational robotics, identifying key authors, trends, and thematic develop-
ments in the field. It reports that educational robotics has a positive impact on
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learning success. An educational approach where students learn graph interpreta-
tion and construction in a kinematics context using a wireless robot and portable
devices is presented in [4]. The study shows that this robot-supported collab-
orative learning environment significantly improves the ability to understand
graphs. Another educational robotics approach for teaching advanced mathe-
matical concepts such as Euclidean and Infinity metrics, as well as the conver-
gence of Cauchy sequences, using a LEGO Mindstorms-based mobile robot is
presented in [5]. The article shows that a physically implemented visualization
can help students to better understand mathematical ideas by making them more
intuitive. The robotic experiments are crucial to improve student engagement to
use mathematical concepts.

Paper [6] presents a VR-based training and control framework where users
can intuitively teach robot configurations that are later used for inverse kinemat-
ics control in medical robotic systems. The results show that task performance is
improved using visual and interactive VR-based teaching. The study highlights
that integrating visualization with inverse kinematics enables more intuitive un-
derstanding and more efficient manipulation of complex robotic systems.

In [7], authors present a reinforcement learning-based inverse kinematics so-
lution algorithm (MAPPO-IK), they implicitly highlight the importance of sim-
ulation and data-driven visual environments in training and validating robotic
control policies. A simulation program is developed in Python to make forward-
and inverse kinematic calculations with visualization [8]. They highlighted that
their program is useful for learners and educators to understand kinematics of
robots. Teaching robot kinematics without visualization is not effective enough,
interactive simulations significantly improve understanding. The future will pro-
mote greater involvement of digital systems for easier understanding.

One of the key tools of industrial automation is the robot. At the University
of Miskolc, theoretical and practical education is given a prominent role in the
mechatronics engineering education. The specialization of this training is called
industrial robots. When describing the forward and inverse kinematics tasks of
robots, a visualization interface can greatly assist in interpreting, e.g., the TCP
point or the orientation unit vectors. The main aim of the article is to develop
a program code, which demonstrates kinematics of industrial robots.

The article is organized as follows: Section 2 describes the forward- and in-
verse kinematic problems of robot composing of serial kinematic chain. Section 3
introduces the self-devised program for demonstrating the kinematics of such
robots. The final Section contains the conclusions and the future plans.

2 Forward- and inverse kinematics of robots

Understanding forward and inverse kinematics problems is particularly impor-
tant in the field of mechatronics education. When developing robotic arms, their
geometric description must be ensured, therefore that the operating program
can correctly generate the joint angles given the target position.
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In the case of robotic arms constructed with single-degree-of-freedom joint
constraints, forward kinematics problem means that the individual joint an-
gles are known, and the goal is to calculate the position and orientation of the
end-effector measured from the base. In contrast, during the inverse kinemat-
ics problem the individual joint angles are determined by knowing the target
position.

2.1 Forward kinematics of RRR type robots

The Denavit-Hartenberg parametric description method is a widespread tech-
nique for the geometric description of robotic arms. It helps to solve the forward
kinematic problem of industrial robotic arms in a uniform and easy-to-handle
way. The result matrix gives the relationship between TCP point of the end-
effector and the robot base, i.e., the position and orientation of the TCP point
depending on the joint angles between the links in the case of rotational joints.
It uses four parameters, interpreted between two coordinate systems, connected
by the link of a robot. There are Denvait-Hartenberg classical and modified con-
ventions [9]. Between the two techniques the difference lies in the placement of
coordinate frames and the order in transformations applied. This leads to dif-
ferent formulations of the homogeneous transformation matrices. In this article,
the classical convention is used.

Coordinate systems need to be attached to each joint, for which there is a
rule:

— The axis of the i*" joint z;_; is always the axis of rotation of the joint.

— The z; axis is the common perpendicular between z; and z;_1, directed from
Zi—1 to z;.

— The y; axis is defined to form a right-handed coordinate system.

According to [10] the D-H matrix is the product of four elementary transforma-
tions, which gives the homogeneous transformation:

T; = Rot, 9, Trans, 4, Trans, ,,Rot, 4, (1)

where a; is the link length, d; is called link offset. The remaining two parameters
a;, 0; are link twist and joint angle, respectively. All of them belongs to the i*"
robotic link. By performing the products of the elementary transformations the
resulting matrix is the following:

cosf; —sinf; cosa; sinb;sina; a;cosb;
T, — sinf; cosf;cosa; —cosl;sina; a;sind; @)
v 0 sin o coSs oy d; '

0 0 0 1

By calculating each transformation matrix between two coordinate systems and
then multiplying them, the relationship between the base and the end-effector
can be obtained:

DH,, = ﬁT (3)
i=1
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where n indicates the degree of freedom of the given robot. The upper left 3x3
part of the matrix DHy , provides the rotational part, which is important to
describe the orientation of the end-effector. Describes how the coordinate system
of the end-effector is rotated relative to the base coordinate system. The first
column gives the z axis of the end-effector expressed in the base coordinate
system, the axes y and z are given by the 27¢ and 3"¢ columns, respectively. The
first three values of the last column of the 4x4 transformation matrix provide
the end-effector position relative to the base.

During robotics education, students’ understanding of the elements of the
transformation matrix can be greatly facilitated by developing targeted program
code and visualization.

2.2 Inverse kinematics problem

In order to solve inverse kinematics problem of a robot, there are several tech-
niques: analytical method, numerical method and geometrical approach. The
latter one is common if the robot consists of serial kinematic chain. Figure 1
represents a 3 DOF robot, and its parameters to formulate the joint angles with
the geomteric approach. The coordinates of the TCP point are z., y. and z,
respectively.

Xes Yoo Ze

7z

Fig. 1. Kinematic sketch of a 3 DoF robot

The first joint angle 67 can be calculated as

01 = atan2(y., ), (4)

where atan2() is the four-quadrant inverse tangent. Thereafter the third joint
angle is determined:

03 = atan2(sin(fs), cos(fs3)), (5)

where cos(f3) and sin(f3) can be defined as:
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L2 — (b + %)

2bc '
where cos 03 is determined by the use of law of cosines and supplementary angles,
L is:

cos(fs) = sin(f3) = £+4/1 — cos?(63), (6)

L =+/R?+ (2. —a)?, (7)

where R is:

R= /22 +yZ (8)

0> can be defined in two parts:

B Ze—a csin(fs)
92—atan( 7 >+atan<b+cc0s(93)>' (9)

With a larger degree of freedom, the task becomes redundant, therefore ad-
ditional kinematic or task-specific conditions (e.g. fixing the orientation of the
end-effector) must be specified to select a clear solution. For example, in the case
of 5 DOF robot, the degrees of freedom remaining after determining the posi-
tion give the orientation, therefore additional conditions (e.g. the perpendicular
position of the gripper relative to the plane of the table) are required to clearly
designate them.

3 Self-devised program and its visualization

A program code in Scilab software (SciNotes) has been written in order to vi-
sualise the links of a 5 DOF robot, the coordinate systems. The students can
use this program to understand the building of the transformation matrices,
the meaning of the orientation vectors and they can check the behaviour of the
robotic arm if the parameters, e.g., length of the robot links, reference or target
positions are modified. Furthermore, they can improve their programing skills.

Table 1. Defining the function for solving the inverse kinematics task

function [t1l, t2, t3, t4, t5]=invkin(pos)
R=sqrt(pos(1,1)"2+pos(2,1)°2);
L=sqrt (R"2+(pos(3,1)+d-a)"2);
tl=atan(pos(2,1),pos(1,1));
ctet3=(L"2-b"2-c"2)/(2*b*c) ;
stet3=sqrt(l-ctet3"2);
t3=atan(stet3,ctet3);
alfa=atan((pos(3,1)+d-a)/R);
beta=atan((c*stet3)/(b+ctet3*c));
t2=(alfa+beta);
t4=(t2-t3) +%pi/2;
tb=-t1;

endfunction
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Figure 2 shows the process of the developed program code. The first task is to
define the functions belonging to the formulae of the inverse kinematics, Denavit-
Hartenberg classical convention and the visualisation. The 4 DH parameters for
each link are also defined. In the next step, the joint angles of the reference
position can be added by the user. Their correctness are checked in the next
process. If the values are out of the defined range, the program is sending an
error message. In case of correct values, the DH transformation matrices are
calculated between two coordinate systems, followed by drawing the robotic
arm in space. Thereafter the user can add the coordinates of the target position,
which is checked. Currently, the parameters can be modified by the user in the
program code. If the values are correct, the inverse kinematic task is solved.

In Table 1 the function for inverse kinematics is shown, joint angles 6 —
05 are denoted by t; — t5. Most of the notations are consistent with those in
subsection 2.2. The parameter d represents the length of the 4th link. Joint
angles 64 and 65 are defined so that the robot’s end-effector is perpendicular
to the plane of the table and its orientation does not change compared to the
reference position.

Defining functions
and variables, e.g.,
DH parameters

v

Data of the reference

Solving the inverse

joint angles kinematics task
A,
Error Are joint Calculati(?n the DH
message angles real? transformation matrices
Y
y
Calculation the DH Drawing the robot with
transformation matrices equally spaced distances
L between ref. and target pos.
Drawing the robot in l
the reference pos.
L Drawing the robot in
the target pos. With its
Data of the target orientation vectors
position x, V., zZ.
A,
STOP
Error Are values
message correct?

Fig. 2. Flowchart of the developed program code
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Fig. 3. Visualisation of the robot coordinate system, the orientations

After determining the necessary joint angles, the forward kinematics problem
is solved. Finally, the robotic arm can be drawn in intermediate positions and
finally in the target position, marking the orientation vectors, which can be seen
in Figure 3. The robot centerline drawn in blue belongs to the reference position,
while the robotic arm is denoted with green belongs to the target position. The
number of intermediate drawn positions can be changed in the program, they are
illustrated with red dotted lines. In the target position, all orientation vectors
are depicted.

4 Conclusions

The article describes a program code developed in the Scilab environment for
educational use, which facilitates students’ kinematic studies related to robots.
The literature review has shown that such educational visualization tools are
relevant for understanding the curriculum. The developed program code is suit-
able for simulating and visualizing the motion of a 5 DOF robot arm whose
first three links are connected by revolute joints (RRR type). Students can more
easily understand forward and inverse kinematic calculations. Furthermore, they
can also practice algorithmization.

In the future, the program code will be further developed to include a data in-
put window enabling the modification of parameters, coordinates, and angles not
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only within the source code. Further developments will also include the detection
of singular configurations and the selection between elbow-up and elbow-down
solutions. The degrees of freedom of the robotic arm built with a serial kine-
matic chain can be freely adjusted. Furthermore, as future work, the developed
program code will be incorporated into education, and a student survey will be
conducted to evaluate the extent to which it contributes to the understanding
of robot kinematics.
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