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Abstract

The people interested in industrial robots at a beginner level, such

as engineers, operators, or technicians, as well as robotics lectur-

ers typically have difficulties during their first interactions with

a robot. The first difficulty is to create a relation between the

robot and the mathematical equations of its kinematics. One of

the other barriers is to learn the robot workspace and the robot

manipulator’s reachability. After achieving these two steps, it pos-

sible to start robot programming and physical robot interaction

appropriate for industrial robot applications. In this study, a

novel interactive training platform is presented. This platform is

designed for the offline programming of industrial robots and its

goals are to support robot education, practical robot study, and

industrial robot science. In this interactive robot platform, all

commercial robot brands’ manipulator geometry configuration and

new manipulator geometry designs can be created. All functions

such as programming, basic movement type (linear, joint, reori-

ent), manipulator workspaces definition, tool centre point and axis

velocity, acceleration are available. The platform presents some

solid objects that can be inserted in the workspace and can make

demonstrations for programming. There are also real programming

logic controller and robot connections for offline programming. This

platform is designed and developed based on open-source libraries,

is small in size, and is able to work on all operating systems

(e.g., Windows, Mac, and Linux). This software may not be a sat-

isfactory tool for robot specialists but is very effective for beginners

in robot programming, such as students and robot operators in the

plant.
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1. Introduction

In engineering applications and education, physical equip-
ment and training sets are crucial for a project’s success.
To achieve the targeted success, the related application
system needs to be created and tested in a virtual software
platform before their physical installation. In addition,
these virtual training software tools are the key element in
educational opportunities in case there is no physical train-
ing sets, such as in school, laboratory, or academy. These
tools have also a big impact on trial and failure of activities
to improve an application and to increase experience of
engineers, students, and robot technicians. These software
platforms itself are adequate for an experienced engineer
who has practical and theoretical knowledge. However,
beginners at the engineering education or vocation face a
steep learning curve. All theoretical knowledge in engi-
neering science, unlike social and medical science, can be
tested as a practical application. But, it is very difficult
to keep in mind the effects of mathematical calculations,
parameters, and their changes. Thus, calculations must
be shown on graphs. Animated illustrations instead of
static graphics in the computer environment enable a more
effective understanding of the subjects. In addition, if an
address is defined as a sketch instead of a verbal descrip-
tion, it will make easier to reach the address. Visualization
of clear expressions on computer screens makes the subject
much easier to understand. Visually enhanced interactive
software with integrated realistic models for robot kine-
matics makes it easier to understand of robotic science [1].
This type of the software allows the user to create their
own manipulator designs.

In classical education, the Denavit–Hartenberg (DH)
notation in the robotic science is one of the most diffi-
cult topics to be presented in classroom. Also, students
cannot be expected to create 3D animations by combining
the drawings on the plane. As presented in [1], the rate
of response to questions in the visual material assisted
education increased by up to 10%. This further empha-
sizes the importance of visually interactive educational
software.

665



The interface presented in this study has been devel-
oped to investigate special topics in robotics. Robotics
field is a combination of different disciplines such as math,
mechanics, physics, control system, and circuits [2]. Also,
it is stated that, in addition to traditional theoretical
classroom activities, the use of interactive software has in-
creased student motivation and increased the efficiency of
the course. The most important thing that authors have
achieved with the feedback they collect from the partici-
pants after the course is that the interactive software tools
has to interact with the real robot. This requirement is pre-
sented in [3]. Virtual laboratories have indicated that the
training efficiency has been increased and the inadequacies
of the adjustable in basic robot parameters of the used
software and hardware have been evaluated. In this pub-
lication, industrial robot software and commercial robot
programming packages are discussed. However, while soft-
ware libraries in the form of a Matlab toolbox are adequate
for academic students, they are not useful for practitioners.
This situation is presented in [4] as well. The software
developed for master science students offers quite compre-
hensive features. The authors pointed out that robotic is
an interdisciplinary science and training efficiency is en-
hanced by active learning and project-based work. They
also state that this situation is valid for participants with
a base knowledge of robotics.

The overall information in the literature is that the
training efficiency of visual enhancement software is higher
than classical classroom presentations. There are many
software based on this aim. Most of these are related to
specific subject of robotics. Some of them are designed
for participants who have a mechanics, programming, and
control know-how. The designed software should be sim-
ple to use, understandable, and should provide the least
amount of information needed. To increase participant
motivation and to strengthen their perception, visuality
should be supported with real models and the software
should be able to connect with real industrial applications.

In this study, we developed an industrial robotics
human–machine interface with highly interactive monitor-
ing capability that visualizes constraints that need to be
considered during design and operation in robotic pro-
cesses. The capabilities of the professional offline robot
platforms are intended to be presented in this software.
The workspace and arm volume visualization, joint kine-
matics tracking, original manipulator design, programming
logic controller (PLC) supervision, and control developed
in IRT are not present yet in any commercial software.
We also recommend that these features be included in
professional offline software packages.

2. Motivation

Today, desires and methods are changing rapidly. Existing
software and tools should be flexible to these changes. To
provide this flexibility, sometimes the modular structure
is preferred and sometimes it can be provided by multi-
purpose and reconfigurable tools. The widespread of flex-
ible automation systems in industry has begun to reduce
hardware costs and the importance of programming cost

and efficiency has been increased. Autonomy and heuristic
approaches which are frequently mentioned in academic
studies are not used, because reliability is based on indus-
try. Conventional programming is preferred in industry.
Robotics manufacturing is the primary solution when it
comes to flexible automation. This result shows that in a
growing need for personnel with a background in robotics
and with deep robotic manufacturing knowledge. How-
ever, robot design requires high expertise and also it is a
subject that can be achieved together by academics and
engineers from different disciplines. Robot programming
is a field in which college or undergraduate students could
have experience with fast courses. In this study, we present
the software that we use as trainers for robot programming
education as well.

There are two complementary methods for robot pro-
gramming. To reduce the installation time, the feasibility
and accessibility studies of the robots are first done with
offline CAD software. The robot program framework is
created offline. During the installation, the robot opera-
tors perform position and trajectory control of the manip-
ulator by the hand terminals. Today, the usage of offline
programming software is widespread in industry. Different
robot programming options have been compared in [5]. In
this study, the easiest way for inline installation/teaching
method for system integration has been described by re-
searchers as costly and including high safety risk. It has
been stated that the preferred robot programming meth-
ods rapidly exchanged to offline programming. As the
generic software and the commercial software provided by
the robot manufacturer reduce the field work, the advan-
tages and disadvantages of these software are revealed in
working according to brands and models. Robot Studio
(ABB), KukaSim (KUKA), and Roboguide (FANUC) are
some of these robot manufacturer’s software and generic
software ones such as Delmia, RobCad, and RoboMaster
and Robsim can be presented as sample [1]–[5].

A real industrial robot and related conditions in the
industrial environment are needed for the industrial robot
lecture process about robot structure, programming, kine-
matics, dynamics, and working space in engineering edu-
cation. However, it may not always be feasible to create
field conditions of a real industrial environment or to phys-
ically have a robot in the laboratory. Even if a robot is
provided, the subject of the robotics technique is limited
to the robot’s brand and model.

In this article, a novel industrial robot software called
“IRT” (Industrial Robot Training Tool) is presented
(see Fig. 1). This software includes a robot workspace, sup-
ports limits of working configuration, angle limits of each
arm, basic robot movements (joint, linear, and circular),
and programming. This software is also used as a visual
material in engineering education. IRT can be downloaded
from http://ehm.kocaeli.edu.tr/dersnotlari_data/?dir=
mcakir/IRT.

The software is designed based on the C++ and
the Fox toolkit which is open source. It also includes
Libnodave for PLC communication and Ptgrey FlyCap-
ture SDK for Stereo camera access. This software is plat-
form independent and can also be compiled on the Linux

666



Figure 1. Industrial robot trainer (IRT).

environment. Robot kinematics basis are presented for a
6 DOF (degree of freedom) industrial robot in the next
section. In Section 4, we introduce our program, which we
use for our undergraduate students and also for operator
trainings in support of on-the-job training in the manufac-
turing industry. Our findings and proposals were finalized
at the end of the article, which we present with a sample
application.

3. 6 DOF Articulated Industrial Robot Modelling

Robot kinematics science define the relationship between
the position, velocity, and acceleration of the link arms and
end effectors of the mechanical units. These mechanical
units may have different geometric shapes and designs. In
the robot kinematics (R Joints), the arms are assumed as
a fixed body and the joints are assumed to perform the
rotation [6]–[8]. The robot’s forward and inverse kinematic
models need to be formulated to find the relationship be-
tween the robot arms and end effector position and ori-
entation in the workspace. Forward kinematics calculates
the position and orientation of the robot end effector in the
workspace using the axis angles, whereas inverse kinemat-
ics provides the angles of the axis of the robot using the
position and orientation information of the end effector in
the working space [9]–[13]. In the kinematic calculations
of robot manipulators, there are three different methods:
the iterative approach, the geometric model, and the an-
alytical method. In the iterative method, the estimation
method for each axis angle is used to send the robot tool
centre point to the desired point. However, this process
needs a long calculation time. In the geometric method,
robot mechanics are analysed with trigonometric relations
and the robot is modelled by basic geometry formulas.
The model presented in this method is valid only for the
relevant mechanical arm and must be re-modelled when
the arm structure changes. In the analytical method, kine-
matic equations can be formulated independent of robot
mechanical structure and kinematic solutions are provided
dynamically for the required robot arm dimensions.

Generating the DH parameter table is the
starting point for almost everyone when the forward
and inverse kinematic models are needed. Homogeneous

transformation matrices are generated by using the tables
[12], [13]. In the DH method, the most important point
is to associate two coordinate systems with the minimum
number of parameters. It is a complicated and difficult ap-
proach because of the minimum number of parameter con-
cerns. At the same time, there are weaknesses in definition
of rotations with homogeneous transformation matrices.
In this study, quaternion algebra was used in the kinematic
model to facilitate the students’ understanding, to reduce
the duration of the solution, and to achieve the result with
fewer operations. Thanks to the Quaternion model, it is
easy to extract the forward and inverse kinematic equations
of the robot and the solution time is shorter. Quaternion
was firstly founded in 1843 by Irish mathematician William
Rowan Hamilton. A quaternion allows three-dimensional
space rotation to be defined as a four-element vector
[14]–[16]. The composite coordinate transformation with
quaternion, which can be easily derived from the angular
axis representation is shown in Fig. 2.

q = (θ, �N) = (qs,
−→
qv ) = (q0 + q1î+ q2ĵ + q3k̂)

= (q0, q1, q2, q3) = cos

(
θ

2

)
+ sin

(
θ

2

)
·

�N

‖ �N‖ (1)

Figure 2. Link Coupling with quaternion (axis angle)
representation.
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Quaternions are defined by very different notations as
can be represented by quaternion researchers (1). It is easy
to define a quaternion when the pivot vector which consists
of the rotation θ and the rotation axis �N data are known.
The unit quaternion is used to indicate rotations. To cal-
culate the composite rotation, the multiplication defined in
(2) must be done. If we assume that the manipulator con-

nections are vectors that can be defined by �D, then the unit
quaternion q, the new position of �D at the end of the rota-
tion is called as P and can be calculated by �P (3) equation.

q1 ∗ q2 = (q1sq2s −−→q1v · −→q2v) + (q1s
−→q2v + q2s

−→q1v +−→q1v ×−→q2v)
(2)

�P=q �Dq∗=
(
q2s−−→qv · �D

)
�D+2qs

(−→qv × �D
)
+2−→qv

(−→qv · �D
)
(3)

In our software, the ABB IRB 6650S 125/3.5m manip-
ulator model was used to check the accuracy of kinematic
calculations. In Fig. 3, it can be seen that the calculations
give the same results as Robot Studio, which is the com-
pany’s proprietary software. In Fig. 3, as it is shown in the

technical drawing, the joint lengths
−→
Di and rotation axis−→

Ni are defined by determining pivot vector (4). It has been
determined by our experience that the use of the notation
(4) is more understandable than the DH table.

D0 = [0000 0000 0000] N0 = [0 0 1]

D1 = [6000 0000 6300] N1 = [0 0 1]

D2 = [0000 0000 1280] N2 = [0 1 0]

D3 = [1592 0000 2000] N3 = [0 1 0]

D4 = [0000 0000 0000] N4 = [1 0 0]

D5 = [0000 0000 0000] N5 = [0 1 0]

D6 = [200, 0 0000 0000] N6 = [1 0 0]

D7 = [0000 0000 0000] N7 = [0 1 0]

(4)

Figure 3. Modelling market robots and reliability check with commercial programs (ABB Robot Studio).

q(0) = (θ(0), N(0)), q(i) = q(i−1)∗ (θ(i), N(i)) (5)

P(0) = q(0)D(0)q
∗
(0), P(i) = q(i)D(i)q

∗
(i) + P(i−1) (6)

The composite transformations of the joints are cal-
culated by the rotation (5) which connects the base plane
to the corresponding link coordinate plane. Finding the
end point of each link (6) is now very easy. q7 is used to
move the tool coordinate system of this manipulator with
6 DOF to the same position as that given in the booklet.
Inverse kinematic solution is too easy due to spherical wrist
structure of the robot. After the end point found using−→
D6 and

−→
P3 calculated for rotation, the first three angle of

axis are found. The notations given by q3 obtained by
using these angles are processed and the angles of the wrist
group are found. These calculations are done quickly and
easily by using only four terms of the quaternions instead
of 4× 4 matrices which define the homogeny coordinate
transformation.

4. Industrial Robot Training Platform

The basic criteria we recommend to get the most efficiency
of the software designed for robot training are as follows:

It should be easy to use: it should be available to
students as well as to trainers and operators. It must
require minimal background information. It should
not be forgotten that training is necessary not only for
the students but also for the beginners in the industry.
Access should be easy: the support of commercial
software should not be needed as much as possible.
The mobility of the program must be high. The use
of additional libraries should be avoided to achieve
this. Providing open-source code is a great advan-
tage for users. Commercial closed box software, hard-
ware restrictions cannot be attached to this number.
The requested change should be made easily by the
trainees/students.
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Figure 4. Rob control panel widgets.

The reality must be enhanced: Solid 3D models
should be used instead of symbolic drawings to attract
the attention of users. Interactive manipulation of the
visual examination should be possible.

It must be able to communicate with physical equip-
ment: This feature must be brand and model inde-
pendent. Communication should be preferred over
universal standards. Special communication interface
channels and software development libraries should be
avoided. It must be influential to add innovations to
existing applications and designs.

In this section, we aim to outline the features of the
program that are not found in academic nor commercial
programs. The program has met the above criteria because
of the features we have added. However, we had to use a
library to access physical equipment. At this point we have
open source and operating system independent libraries
that we prefer to use. Because we mentioned mathematical
basis in the previous section we do not include it in this sec-
tion. We do not put a lot of emphasis on the program usage
and menus, as it was an extra feature in the article that
would increase students’ understanding of what we wanted
to do. Interested readers can download the program from
http://ehm.kocaeli.edu.tr/dersnotlari_data/?dir=mcakir/
IRT and discover the features we have not mentioned in
the article. Particularly, there is a difficulty in visualizing
the working space of articulated robot arms. However,
when the robot’s workspace is visualized, the access tests
can be made more comfortable with collision zone analysis.
Through this screen (Fig. 5), the robot can be placed in the
optimum position by evaluating the access and collision
zone. Robot control panel in Fig. 4 can be used to create
the working area given in Fig. 5. Within the workspace
tab on this control panel, the access area can be shown by
entering the individual working range and scanning step
for each joint. It is possible to add models in 3ds format
to the main screen with related toolbar. As shown in
Fig. 1, the scanning lines can be visualized on the added
models or the cells including the model as in Fig. 5. The
manipulator design with different geometric measurements
on the robot control panel in Fig. 5 can be done as in [1].

5. Practical Application Examples

It is not enough to say that the IRT software only has
application areas in education. It can also be used to
develop practical applications. As shown in Fig. 1, there
are scanning lines on the model placed in front of the
manipulator. Point or position teaching can be done by
moving the manipulator on these lines. This approach
is the basis of robotic milling applications. Students
could add these additional modules to the program so
that they can be automatically transferred to the robot
program in the project and their thesis studies. For
example, they are able to make simple models with the
manipulator and milling tool. In another study, the process
of creating point clouds which is the starting point of
reverse engineering applications is implemented by adding
a stereo camera module. With the stereo control widget
shown in Fig. 6, parameter effects are detected by live
observation.

In this application, it is necessary to transfer the points
obtained in the camera coordinate plane to the reference
coordinate plane. The positions that the camera detects
from different angles can only be combined on a common
reference plane. The relationship between the camera
position and the manipulator endpoint must be known
to do this process. In other words, the camera needs to
be introduced as an additional tool. The displacement
and rotation information to introduce the posture can
be realized by solving the equation system in the form
AX =XB at the end of the process known as hand-eye
calibration [17]–[20].

After accessing the camera with the modules devel-
oped by the students in the project lesson, communication
of the software with the manipulator shown in Fig. 7 is
provided. The communication between the PLC and the
robot control system was established through the Libn-
odave library. Figure 7 presents the environment image
formed by combining information obtained from different
positions. In the images shown in the horizontal profile,
the dot cloud is a thin line, which is an indication of the
sensitivity of the calibration process.
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Figure 5. Workspace visualization and collision checking.

Figure 6. Stereo vision toolbar widgets.

Figure 7. Real rob. Practice: Point cloud generation. Camera–robot transformation known as hand-eye calibration should
be determined. PLC and Camera connection should be established.
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As a result of the applications described above, the
participants have seen the use of theoretical information.
While students are learning code development more easily,
it has been observed that business operators have difficulty
doing this. However, they have been able to make observa-
tions about how the process works for them through this
program.

6. Conclusion

In this study, a new software developed for offline robot
platforms which is a basic necessity in robot education
and applications is presented. It is not always possible
to physically have a robot in the lab and recreate the
conditions of an industrial environment. Even if these
were possible, the robotic technique would be limited to
a single robot brand and model. This training material
is designed for industrial robots which include all robot
brands and model configurations based on the robotic
science. In this study, a software platform is devel-
oped that includes subjects related to industrial robots in
engineering education such as programming, kinematics,
workspace, speed-acceleration, and robot dynamic param-
eters. The platform is developed in the C++ program-
ming language and the Fox ToolKit library and it is de-
signed to work with every brand and model robot arm
configurations. In this platform, it is possible to visual-
ize the limits of working range, angle limits of each arm,
basic robot movements (joint, linear and circular), and
programming by means of any robot arms with desired
lengths.

We have observed that this robot training platform
enhances perception and persistence of knowledge in on-
the-job training, in robotic training courses at universities
and colleges, in special robot training courses, and in
manufacturing shops that include robots. It has been
seen that users can develop additional applications easily
in project and thesis studies due to the platform being
open source. It will be a very useful material for robotic
and robotics lessons, special robot training courses, robotic
manufacturing plants, and robotic field.
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