ISSN 1846-6168 (Print), ISSN 1848-5588 (Online)
https://doi.org/10.31803/tg-20220714131724

Original scientific paper
Received: 2022-07-14, Accepted: 2022-12-12

Prototyping and Integration of Educational Low-Cost Mobile Robot Platform

Petar Piliek*, Denis Kotarski, Alen S¢uric, Tomislav Petanjek

Abstract: This paper describes the process of designing and prototyping a low-cost robotic platform based on existing equipment and projects that enable extracurricular STEM
activities in Croatia and beyond. A robotic platform with a differential drive configuration was chosen for education from an early age due to its simplicity and a wide range of cheap
and compatible components from which it can be made. From the aspect of integration into extracurricular or curricular activities, the BBC micro:bit ecosystem was considered,
enabling block-based visual programming. Components with printable parts make up the assembly of the educational robot. The main steps in designing and creating a robot
prototype are presented, which consist of the modelling, 3D printing of robot parts, and assembly into a functional system. After several stages of testing, an interactive workshop

was held with 7th-grade primary school pupils. Further work is planned to create educational material for extracurricular STEM workshops.

Keywords: 3D printing; BBC micro:bit; differential drive; Scratch; STEM education

1 INTRODUCTION

Education in the STEM field is quite diverse, which is
made possible by the availability of a variety of components,
technologies, and ultimately curricula that include practical
work. 3D printers are very popular and are found in a wide
range of applications, which is possible by creating a wide
range of parts that can be further used in assemblies. The title
of the paper [1] asks the question: What to build next, given
in mind that the era of affordable 3D printing is underway.
An interesting area is robotics which can be integrated into
different levels of education with different outcomes. In
paper [2], a study on learning and the problem-solving
process among junior high school pupils through
participation in robotics projects using Lego Mindstorm is
presented.

The use of robotics education in Croatia in primary
school is carried out mainly through extracurricular
activities. The IRIM Association has launched various
programs through the Croatian Makers League and other
projects [3], which have further popularized the STEM area.
One of the projects involved equipping libraries with BBC
micro:bit sets of educational boards and 3D printers. This
allows the integration of 3D printing with the BBC micro:bit
unit, which is especially interesting from the aspect of
robotics. In addition to the existing infrastructure, it is
possible to further expand it with smaller investments, given
that a low-cost system is being considered. Compared to
existing robots available on the market such as mBot,
keeping in mind a set of robots, for the same price range, it is
possible to purchase a 3D printer and create your own robotic
platforms. BBC micro:bit boards are versatile and can be
used for various purposes such as mobile robots or robotic
arms. Paper [4] presents a study that explores pupils'
experience when designing programmed technological
solutions using a BBC micro:bit board and identifies the
technological knowledge in order to successfully solve a real-
world task. Furthermore, in [5] study investigates ways of
experiencing the process of solving a real-world task with
programming material for pupils aged 10 and 14.

Differential drive robot configuration is very interesting
from the aspect of education at primary school levels. The
principle of operation is intuitive because the movement
depends on the angular velocities of the drive motors. An
example of a task can be to define the functions that allow for
different movements, such as forward, backwards or turning
in place. The Croatian Makers League used mBot robots, and
the effectiveness of their usage to increase the basic
knowledge in programming and robotics for pupils of age 13
is shown in [6]. Such robots can be made as low-cost
platforms and can be integrated with existing BBC micro:bit
sets. In addition, this type of robot is used at higher levels of
education such as fuzzy control of a mobile robot in case of
obstacle avoidance [7], using the Arduino eco-system.
Arduino-based control is widespread and is particularly
interesting in the field of education given its versatility [8],
low component cost, and compatibility with various software
packages such as MATLAB [9]. As mentioned, interesting
platforms are also robotic arms, which in low-cost versions
mainly consist of drive components in the form of servo
motors [10].

Educational robots can usually be purchased in kits that
need to be assembled, or they can be designed and developed
mainly by rapid prototyping technologies, including 3D
printing. The process of 3D printing (additive manufacturing)
is preceded by the process of designing parts. Various tools
can be used for 3D modelling, depending on the level of
education, from primary school level to engineering
education, some of which are presented in [11]. 3D tools used
in teaching and extracurricular activities in the field of STEM
education are mostly free. Preparation for manufacturing is
carried out in so-called slicers and further production is
realized by open-source printers [12]. The paper [13]
presents a study on approaches to design and 3D printing in
teacher education.

In this paper, potentials in the field of STEM education
based on the existing infrastructure in Croatia are discussed.
The concept of the educational platform has the following
goals: do it yourself, take off the shelve components, low
cost, and easy to repair and maintain. The components, their
possibilities within such a system, and their advantages in the
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wider integration of education in the field of robotics are
presented. In the robot design phase, it is necessary to
construct the parts of the system that, together with the
components, form a functional system. For constructed parts,
the process of prototyping parts with fused deposition
modelling (FDM) technology is presented. Then, the parts
and components of the educational mobile robot with
differential drive were assembled. A workshop was
conducted with pupils up to 7th grade, using a presented
platform. Through the workshop, the basic movements of
robots were tested, and pupils were introduced to the
principles of operation. Also, the reactions of pupils gave the
impression that, as expected, there is an increased interest in
the STEM area.

2 EDUCATIONAL ROBOTICS IN CROATIA - CURRENT
STATE AND POTENTIALS

The education process in the Republic of Croatia consists
of an eight-year elementary school level, then secondary
school level whose length varies by qualifications, and higher
education which is divided into university level and
professional studies. Regarding engineering education in the
field of mechatronics and robotics, there are a large number
of institutions in Croatia that provide such education, such as
universities with related technical faculties and universities
of applied sciences. At such institutions, some studies consist
of theoretical and practical knowledge in the field of robotics
through a series of courses, many of which are
interdisciplinary. This includes knowledge of mechanical
engineering, electrical engineering, computer science, and
other branches. It should be noted that engineering education
has been established in Croatia. Robotics has been studied
more intensively in secondary school level education since
the early 2000s, when a new profession, mechatronics
technicians were introduced. In gymnasium programs,
programming is more common and can be applied to robots.
As for extracurricular activities, they are provided through
centres for technical culture and various workshops.
Commonly, robots are available as kits or didactic sets,
which have become more and more advanced and diverse
over the years. The emergence of robotics at the elementary
school level has so far been mainly carried out through
extracurricular activities. There were various workshops,
summer schools, and leagues such as the "Liga kumpanija"
which took place from the beginning of 2010 and the most
widespread Croatian Makers League, which continues today.

In general, as far as STEM in Croatia is concerned, it can
be freely said that the IRIM Association launched the STEM
revolution in Croatia, but also in the surrounding countries.
Various projects made extracurricular activities for various
levels of education and lifelong learning possible. The Junior
Engineer Academy project distributed equipment such as 3D
printers and electronics kits and organized mentor training in
the involved secondary schools. The goal is to enable the
development of project ideas and to establish and maintain
close contacts with companies and universities that provide
students with an early insight into the world of engineers and
qualified professionals in various fields of technology and

science. In addition to secondary schools, the libraries
involved in projects "Digital libraries for local development
- DLALD" and "STEM Revolution continues - Libraries"
were equipped with 3D printers, and training for librarians
was also organized. This project was preceded by the
crowdfunding campaign "STEM revolution", which enabled
the financing of the mass introduction of BBC micro:bit
technology in Croatian schools, libraries, associations, and
other institutions that work with children. From the aspect of
robotics, since 2014, IRIM has launched the Croatian Makers
League as the most massive extracurricular activity in
elementary schools in the field of robotics and programming.

aker

Figure 1 Demonstration of robots performing a task within the Croatian
League

The Croatian Makers League is part of the Croatian
Makers project, the main goal of which is to enable the broad
inclusion of robotics, automation, and programming in
education at elementary school age. It is the largest
competition of its kind in the EU with more than 12 000
children included per school year in more than 600 schools.
The IRIM association donated more than 3000 robots,
therefore Croatian Makers League represents IRIM’s
flagship project in robotics. The competition is divided into
two categories: Ist-5th and 6th-8th grade of elementary
school and takes place approximately four times a year.
Institutions can be involved in the project by purchasing their
equipment or by applying for a donation tender. The league
was using the mBot platform until 2021 when they switched
to another platform based on BBC micro:bit which offers an
even easier entry into the world of robotics but also allows
for more advanced usage. Fig. 1 shows the task to be
performed by two mBot robots within the Croatian Makers
League for the 2016/2017 school year. A common mission
consists of a line-tracking task which is a typical problem that
needs to be solved at that level of education.

From the aspect of understanding the principle of
operation of the differential drive and understanding the
operation of individual sensors, it is common to program
robots to perform missions, such as those involved in
education through the Croatian Makers League. Basic
mission tasks are line tracking and obstacle avoidance. At the
level of elementary school, in the first phase of education, the
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basic functions required for the movement of robots are
defined, namely forward, backward, turn right and turn left.
After the initial phase of education which includes testing the
robot's differential drive, various types of sensors are
implemented in the system. For the basic functions of the
robot required for education at the elementary school level,
infrared line-tracking sensors and an ultrasonic distance
sensor were considered. Such sensors come in low-cost
variants and are used in many educational kits. In the
preliminary design phase of a low-cost system, drive and
sensor components and their compatibility with control
ecosystems were considered. Fig. 2 shows the testing of
components that include line tracking sensors and distance
Sensors.

Figure 2 Preliminary testing of the low-cost platform considered components

3 LOW-COST MOBILE ROBOT PLATFORM

The mobile robot with a differential drive configuration
is applied in a wide range of missions, which is especially
interesting from the aspect of preparing pupils in the STEM
field for future technicians, engineers, and scientists. The
differential drive configuration of an unmanned ground
vehicle (UGV) consists of two actuators (electric motor
drives). Such a mobile robot has a simple principle of
operation, therefore it can be applied from the earliest age to
teach technical skills.

3.1 The Principle of Operation of the Differential Drive

Differential drive allows rotation in place (without
translation), and the angle of rotation of the robot (heading
angle) is determined by the differences in rotational speeds
of the left and right wheels. This type of robot exists in two-
dimensional space and has three degrees of freedom (DOF).
The operating principle is defined with respect to the
assumed two Cartesian coordinate systems (Fig. 3), the base
coordinate system (FF) and the mobile robot coordinate
system (FB). This type of drive configuration represents a
non-holonomic mobile robot [15], given that the number of
control variables is smaller than the number of robot DOFs,
which are represented by the position (x, y) and orientation
() of the robot. The translational v and rotational w
velocities of the robot are defined in FB and represent the
motion of the robot in 2D space.

A 4

Figure 3 Schematic representation of a robot with a differential drive configuration

From the aspect of engineering education, robot
kinematics is defined, where the robot speeds with respect to
the base coordinate system are defined by the following
expressions

X =vcosy, y=vsiny, P=w. (1)

The translational and rotational speeds of the robot depend
on the angular velocities of the left and right wheels, i.e., the
drive motor velocity 2 = [wL  ®@gr]T, and the configuration
parameters defined by the wheel diameter d and the distance
between the drive wheels 1. The robot velocity vector v& =
[v w]T is defined by the robot drive allocation matrix 'y
which maps the angular velocities of the motor to the robot
velocity vector.

d
n 1)
P ==t hwﬂ )
2l 21

The above Eq. (2) is a problem of direct kinematics
which determines the translational and rotational speeds of
robots based on the angular velocities of the wheels that
represent the input variables of the model. The characteristic
of a differential drive is that it has a smaller number of
actuators than the number of DOFs, so a robot with this type
of drive is a non-holonomic robot. The problem of inverse
kinematics is the determination of the angular velocities of
the left and right wheels based on the desired state of the
robot, or the desired translational and rotational speed of the
robot. From the aspect of motor control, there are different
types of electric motor drives. Servo motors with continuous
rotation were considered for the low-cost prototype.

3.2 System Components

From the aspect of education, the basic component of the
educational robot is the control unit that is in charge of the
system functioning. Practically speaking, it receives data
from the sensor, interprets it and, based on the program,
sends commands to the drive module. Since part of the
infrastructure in Croatia has been secured through IRIM
projects, and considering that since 2021 the most massive
robot competition has been used by robots based on BBC
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micro:bit boards, it is logical to consider this board as a key
robot component. The great advantage of the BBC micro:bit
board is the versatility from the aspect of programming
where it can be used from elementary school levels to
engineering education. It can be programmed in a block-
based visual programming language (Scratch) and using
Python or JavaScript programming language. One of the
advantages is that it is cheap, it is very widespread, and there
is a very large community. Furthermore, no software is
required, it can be programmed in a browser. Besides, no
large computing resources are required, just a PC or tablet
with an installed compatible browser. On the hardware side,
there are a lot of input/output pins, also, there are numerous
additions and compatibility with other components. Fig. 4
shows a BBC micro:bit board with marked parts.

USB connector

LED lights

buttons

L R Bt
Input/Output pins  Pin 3V Tpin GND
Reset button

Bluetooth antenna

: Battery
(] ‘ ) socket

uss Processor
ILE ANTENNA

RESEY

BATTERY

BEaE

(G

micro:bit

Edge connector for accessories

Compass and accelerometer
Figure 4 BBC micro:bit control unit

The success of the integration of BBC micro:bit boards
as a robotic system has been presented to several commercial
robots used primarily in education. An example of such a
robot is cyber:bot [15]. If there is a need to involve a large
number of pupils, for this price it is possible to provide a
device for 3D printing and the necessary components for
making robots, including BBC micro:bit boards. With a little
time and imagination, robots can be made relatively easily.
The advantages of such an approach are multiple. Through
different phases, pupils get acquainted with electronics, 3D
modelling, and 3D printing. In addition to being easy and
cheap to build and repair, it is also easy to do system upgrades
with new options. Such robots can also be combined with
other control components like an Arduino board. The choice

of components depends primarily on the level at which it is
intended to be programmed, i.e., the programming language.

Two servo motors were used to drive the mobile robot.
The advantage of this type of motor is compactness since the
servo motor consists of a gearbox and feedback electronics.
Such motors are controlled by a PWM signal, which is
interesting because this signal modulation is used in a
broader sense of robotics, from UGV robots to unmanned
aerial vehicles (UAVs). Also, servo motors are often used in
educational robotic arms. The servo motors with a price
range of up to 10 $ were used in the different phases of
system testing and they are shown in Tab. 1.

Table 1 Considered low-cost servo motors

Corslet:irr‘lllj)ous Size (mm) (Wgrealril;; v?)ﬁ:rga;i?\%) RPM @ 6V
FEFEsgggH 22,5%12,1x23 4 9 3-6 130
i | 23.2x12x25.5 12,5 3-6 100
FFESESTI]Sg{ 40,8%20,1x38 36 48-6 62

A Dbasic sensor package was tested that includes IR
sensors used in tasks involving line tracking and an ultrasonic
distance sensor for obstacle avoidance tasks. The sensor
package can be further expanded. The power supply of the
mobile robot depends on the selected control, drive, and
sensor components. These components do not necessarily
operate at the same voltage levels. Different voltage levels
can be achieved with buck/boost converters or with multiple
batteries with required voltage levels. Fig. 5 shows the wiring
diagram of a possible mobile robot, which was later tested.

AA Battery !l

Figure 5 Schematic representation of the mobile robot electronic components
connection

4 ROBOT PROTOTYPING AND INTEGRATION
4.1 Prototyping Procedure

The process of prototyping parts consists of the design
and production phases, as shown in [16]. Although the same
procedure is used at different levels of education, there are
differences in approach, tools and learning outcomes.
Additive manufacturing technologies enable an ever-
widening range of research and applications in education, as
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shown in the case of designing a modular educational
multirotor UAV that can be used in engineering education
[17]. The process of prototyping a low-cost educational
mobile robot that can be used at different levels of education,
primarily at the primary school, but also at the secondary
school level, is considered and presented. The Prusa i3
MK3S 3D printer, which enables FDM printing, was used for
parts manufacturing.

RESEARCH

Figure 6 Schematic representation of the prototyping process

From idea to realization, it is necessary to take several
steps that include 3D modelling, preparation of models for
printing in the so-called slicer software, and part printing, as
shown in Fig. 6. TinkerCAD software package for parts 3D
modelling and assemblies was considered. Since the Prusa
3D printer was used to make the parts, the parts were
prepared in the compatible Prusa Slicer software. Different
print parameters can be set in the slicer, depending on the
requirements of a particular part. Fig. 7 shows the robot
wheel with different print parameters. The advantage of the
FDM process is the low cost of materials compared to other
technologies. Furthermore, in addition to the considered 3D
printer, there are many different printer kits on the market, so
the implementation of education can be even less expensive.

< : / L

i
Figure 7 A slice of a wheel model with different print parameters

4.2 Experimental Testing and Integration of Robot Platform

After obtaining all the necessary components and
making the final versions of the robot parts, the assembly of
the robot can be started. The line tracking task at the primary
school level of education can be achieved using several
approaches, but in essence, it comes down to reading the left
and right IR sensors which can have two output states, logic
unit (white) or logic zero (black). By combining these two
inputs, the movement of the robot is controlled. The basic set
of robot movements consists of forward, backward, left turn,
and right turn functions. Fig. 8 shows one of the possible
implementations of the line tracking program.

servo write pin P1 ¥ to @
servo write pin P2 ¥ to @

if digital read pin P8y =¥ e and v digital read pin P12 ¥ =¥ ° then

servo write pin PL¥ fo @
servo write pin P2 ¥ to @

else if digital read pin P8 ¥ =¥ o and ¥ digital read pin P12 ¥ =¥ ° then

servo write pin PL* to e
servo write pin P2 ¥ to @

else if digital read pin P8 ¥ =¥ o and v digital read pin P12 ¥ (=¥ o then

servo write pin P1 v to @
servo write pin P2 * to @

else if digital read pin P8 ® =¥ o and ¥ digital read pin P12 ¥ =¥ o then

servo write pin PL* to @
servo write pin P2 ¥ to @

Figure 8 Scratch line tracking program

5=

Figure 9 Experimetal testing during a worhop
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After successfully testing the robotic platform, a
workshop was held as part of extracurricular activities at
Mace Elementary School in collaboration with the Trivium
STEM Edu association (Fig. 9). The participants of the
workshop were 7th-grade pupils. Through the workshop,
pupils were shown various tasks that can be implemented on
the proposed low-cost platform. The integration of Bluetooth
wireless control with another BBC micro:bit or with a phone
was also tested.

5 CONCLUSION

In this paper procedure of educational low-cost robot
platform design is presented. A mobile robot with a
differential drive configuration was described in order to
show the working principle and to define system
components. In addition to the low cost of such a robot, it is
important to emphasize several advantages of this design
approach. Such a system can be used at different levels of
education because it is easily upgradeable. Low-cost
components can be used, but also more professional
components can significantly expand the range of education.
Furthermore, the considered drive components are also
applied in a wide range, from mobile robots, and robotic arms
to unmanned aerial vehicles. By conducting a series of
experiments and workshops, it has been shown that such a
system can be easily integrated into existing institutions and
schools that have a 3D printer or plan to purchase it.
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