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Abstract 
STEM activities and educational robotics practices, could contribute positively to science curriculum 
teaching by increasing students’ predisposition and positive response for sciences. One of the main 
reasons why public schools (and teachers as a consequence) are skeptical about adopting 
STEM/Robotics activities during teaching, is the large cost involved, plus the “closed” SW/HW 
solutions offered by STEM manufacturing companies. With our paper, we aim to break that barrier, by 
presenting an efficient and cost effective STEM approach for mathematics and programming, using 
open SW/HW solutions like Arduino platform, Ardublock coding and recyclable materials for robot 
design. We break our work in two stages: In the first stage we describe how a student could easily 
built its own experiment robot using recyclable materials (paper, wood, etc) and in the second stage 
we design and demonstrate STEM activities related to obstacle avoidance. To this end, students are 
encouraged to take part during the teaching process, to experiment, to interact and built SW/HW 
materials and to follow a “hands – on” approach under constructive constructivism guidelines. In other 
words, students will design and implement their experiment robot using recyclable materials and 
program it to behave in a way to use it in STEM activities. The acquisition of new knowledge and their 
participation in building their own robot will give students the motivation to experiment further. Overall, 
the ultimate goal of this paper is to engage students in STEM activities in order to develop critical and 
computational way of thinking, to work in teams, to collaborate, to exchange ideas and to build their 
experimental robots using recyclable materials. 

Keywords: STEM, educational robotics, recyclable materials, Arduino programming, Scratch4Arduino, 
obstacle avoidance. 

1 INTRODUCTION  
Educational Robotics (ER) is a fast growing educational field, that has the potential to influence 
positively the nature of science and technology education at all levels, from the first grades to 
University. ER is a unique educational tool that provides practical “hands-on” teaching activities by 
creating attractive learning environments that fulfils students’ scientific curiosity. ER stems from the 
constructivist theories of Jean Piaget, who argued that learning process is not a result of static 
knowledge transfer, but an energetic on-going process of building knowledge, based on experience. 
ER also stems from S. Papert’s constructivist educational philosophy [1], which states that acquiring 
new knowledge is more effective when learners are engaged in building products that have personal 
meaning for them. The goal of constructivism is to give children the right things to do so that they learn 
in practice more effectively than before [2].  

The main tool used in ER practices in the “robot”, which can be used as an effective supervisory tool 
for developing cognitive structures. Students are involved in problem-solving activities, which arise 
from real world problems, and this ensures a more effective building of their knowledge [3]. Training 
with robotics construction tools takes place with the active participation of students who work in teams, 
using a robotic “brain” (processor), sensors as inputs, actuators and motors as outputs and several 
other building blocks to complete the robotic structure. Dealing with ER, involved two kinds of 
activities: construction and programming. ER is a transformative tool for learning, computational 
thinking, coding and engineering, which is considered critical component of Science, Technology, 
Engineering and Mathematics (STEM) learning in education. Learning with ER provides students with 
opportunities to stop grasping unprocessed knowledge, but start thinking more critically, more 
maturely and more holistically.  
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Although ER in school education has existed since the late 20th century (mostly in the US) and is 
becoming more and more popular among young students, is not used as a complete teaching tool for 
technological learning in the majority of schools around the globe [4]. ER practices, in addition to 
programming and algorithmic thinking, has also been used to deal with complex cognitive concepts 
associated with a variety of science subjects such as Technology, Mathematics, Physics, Engineering, 
in an innovative way, while at the same time allowing student freedom of expression. By applying ER 
practices, students are transformed from simple learning observers into active participants, thus 
developing a large number of cognitive skills as researchers and are becoming the creators of their 
new knowledge. Students learn to work in groups to design, plan, construct, control and experiment 
with their own conceptual constructions. By designing and constructing autonomous educational 
robots, students not only expose themselves to new technologies, but also apply new knowledge and 
skills in a meaningful way. Overall, ER provides a fun and exciting learning environment. Some of the 
ways that teaching process is transformed via ER are as follows as implied by [5]:  

- It motivates students to study science and technology in a holistic way 
- It allows free expression of ideas and development of creativity and imagination 
- In supports experimental learning 
- In facilitates programming skills learning and hands-on constructions 
- It involves students with real problem solving environments 
- Students work in teams and promote team-spirit behaviors  

STEM activities and ER practices, could contribute positively to science curriculum teaching, by 
increasing students’ predisposition, response and acquiring of new knowledge for sciences. However, 
one of the main reasons, why in majority public schools are skeptical towards adopting and applying 
STEM/Robotics activities during teaching, is the large equipment costs involved, plus the “closed” and 
legacy software/hardware (SW-HW) solutions offered by STEM manufacturing companies. Most 
teachers lack necessary knowledge how to use legacy solutions and this is a severe inhibitory factor 
towards applying STEM at schools.  

With our paper, we aim to break that barrier, by presenting an efficient and cost effective STEM 
approach for mathematics and programming, using open SW/HW solutions like Arduino platform, 
optical coding with Ardublock and recyclable materials for robot design. We break our work in two 
stages: In the first stage we describe how a student could easily built its own experiment robot using 
recyclable materials (paper, wood, etc) and in the second stage we design and demonstrate STEM 
activities related computational thinking. Finally, we give indicative information regarding the increase 
in computational thinking and algorithmic skills acquired by students through their STEM related 
activities.  

2 METHODOLOGY 
In this work, we propose an efficient teaching STEM approach for Mathematics and Programming, 
based on Arduino open platform and optical programming with Ardublock. During the robot design 
phases, students take part in the teaching process by experimenting about robot design, calibration of 
sensors and follow a “hands-on” approach under constructive constructivism guidelines. In other 
words, students will design and implement their experiment robot using recyclable materials and 
program it, to behave in a way to use it in STEM activities. The acquisition of new knowledge and their 
participation in building their own robot will give students the motivation to experiment further. Overall, 
the ultimate goal of this paper is to engage students in STEM activities in order to develop critical and 
computational way of thinking, to work in teams, to collaborate, to exchange ideas and to build their 
experimental robots using recyclable materials. The robot we are proposing is the famous Wall - E, 
which is easy to design and built from scratch. Moreover, its shape and its trackers make the robot 
ideal to move in harsh terrains. 

In this section, we describe our paper methodology, which is based in the following phases: 1) We 
discuss about the benefits of STEM education on students’ computational thinking and skills. 2) We 
describe all necessary robot construction steps by using recyclable materials. 3) We analyze the 
teaching scenario in which STEM approach is used and 4) We explain all the technical software and 
hardware details regarding robot construction and behavior.   
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2.1 STEM Education and Computational Thinking  
STEM Education has as its center the Problem Solving ideas, as shown in Fig.1. This means that the 
STEM didactic approach concerns the computer experiment and computational thinking in a cross-
thematic and interdisciplinary way. STEM training incorporates a coherent learning model based on 
real-world applications and problems. Science is everywhere in the world around us [6]. The 
technology is constantly expanding into every aspect of our lives. Mechanics govern the basic road 
and bridge designs, but it also addresses the challenges of changing the weather and environmental 
changes in our home. Mathematics appears in every activity we do in our lives. 

 
Figure 1: STEM didactic methodology  

[source: https://warosu.org/sci/thread/7304146] 

One of the most important characteristics of STEM education is that it transforms the teacher-centric 
learning process to an exploratory-centric process, which creatively engages students in all stages of 
solution seeking. ER helps to change the orientation of the learning process through the involvement 
of appropriate robot artifacts. To this end it is possible to achieve the following STEM goals:  

• Interdisciplinary: ER activities foster children's knowledge of the above disciplines but also 
develop skills emerging from their combined teaching [6]. 

• Imagination and creativity: The idea of innovation is linked to the imagination, which is related to 
the process of solving a problem. 

• Problem Solving: In an activity involving the use of ER, students are exposed to numerous 
problems that arise from real life.  

The problem solving environments offered by STEM activities and ER, increase computational 
thinking and the ability to investigate and research. One of our propositions in this work is to 
investigate and describe the effect of computational thinking in a robot design construction under 
recyclable materials, rather than closed robotic systems. This is obvious as students design their robot 
and enhance their engineering skills, before using it as a learning supervisory tool during experiment. 
Hoyles and Noss [7], define computational thinking as entailing abstraction (i.e. seeing a problem at 
different levels of details), algorithmic thinking (i.e. the tendency to see tasks in terms of smaller 
connected discrete steps), decomposition (i.e. solving a problem involves solving a set of smaller 
problems) and pattern recognition (i.e. seeing a new problem as related to problems previously 
encountered).  

2.2 Materials and Robots 
In this section, we provide details regarding materials, robot design process and programming logic. 
We choose to use construct a well known robot figure to the majority of the students, which is Wall – E 
[8]. Our choice justified our initial assumption, which was that Wall – E would be an appealing choice 
for most of the students to design and construct. In Fig. 2, we see the view of Wall – E and its parts. 
The design process is related to the following phases: 1) Collection of materials and tools. 2) Design 
and construction of the main corpus and trackers (caterpillar motors). 3) Arduino circuit and 
programming. In order to support these phases, we used recyclable materials and tools according to 
Table 1.  
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Table 1: Tools and Materials used 

Tools Materials 

Scissors, Cutter, Ruler, Compass or rope with pencil 
Marker, Paper glue or Silicone heat gun, Silicone heat 
sticks, Instant glue, Electric battery drill, 6 mm drill 

Cardboard (8mm & 2mm), J-bend spokes, Metal shaft 
(from old printer), Empty Ball Pen Refill Tube (6 mm 
diameter), Empty Ball Pen Refill Tube (4 mm diameter) 

 

 
Figure 2: Wall – E robot parts 

 
Figure 3: Robot Design Process 

2.2.1 Robot Design with Recyclable Materials 
In Fig. 3 we depict the design process in a flowchart way. The students involved in the design process 
had to go through the following phases: 1) To investigate all the recyclable materials available and 
choose the correct tools. 2) To follow the instructions as given by the teachers and 3) To start the 
construction. The construction phase is related to sub-phases: a) wheels construction, b) main robot 
body construction, c) arms and head construction, d) Wiring, circuits and programming and e) 
Integration of all part. In the following figures, we give brief examples of the construction plan (i.e. 
tutorial) as given to students by the teacher:  

 
4a 

 
4b 

 
4c 

 
4d 

 
4e 

 
4f 

Figure 4: Examples of construction phases 
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Although the above figures are some of the figures used as a used guide for students, we observe that 
students follow an engineering approach during robot construction that involve measuring, using tools, 
calculating measurement scaling etc. The last figure (4f), depicts the view of Wall-E.  

2.2.2 Arduino Platform and Ardublock Programming 
The brain of the robot is the Arduino open hardware platform and especially Arduino UNO R3, the 
technical specs of which can be found in [9]. The other electronic materials used are as follows: 
Breadboard, L298N DC motor driver board, 1 X HC-SR04 Ultrasonic module, 2 X DC motor, 1 X 
Servo motor, 2 X RGB led 1 X Switch, 3 X 18650 3.7V/280mAh battery and 1 X 9V battery. In fig. 5 we 
depict the complete schematic circuit, which is embedded inside the main robot corpus. According to 
fig. 5, we observe the way that digital and analogue pins connect breadboard with Arduino 
microprocessor and how DC motors and sensors are also connected to Arduino. Of course, we do not 
expect from students to have all the knowledge how to make the interconnections among pins and 
electrical materials, however, in the following section we explain the pre-requisites in terms of 
knowledge in order to build the schematic of fig. 5. However, we propose that students, with the help 
of their teacher, follow a trial-and-error approach and gradually test all electronic functionalities 
needed. 

 
Figure 5: Arduino Schematic Circuit 

The robot itself cannot do anything unless we program its behavior. In our work we use optical 
programming with Ardublock. In this tool all logic commands are represented as “tiles”, which can be 
used in a “drag and drop” manner. There are (7) main programming categories based on tiles that 
represent sets of commands. In Table 2 below, we give brief explanations about these programming 
categories.  

Table 2: Ardublock Programming categories 

Categories Meaning 

Controls 
In this category, there are commands to control the flow of the program. To use a 
command, we select it from the command window and place it in the central drag-and-
drop programming window. Some examples include:  if…then…else, loop controls, 
subroutines 

Pins 
In this category, there are commands that correspond to virtual pins or pins in the Arduino 
microcontroller we use. To place a pin, we select it from the command window and place 
it in the central drag-and-drop programming window. Some examples include: digital pins, 
analogue pins, sound control. 
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Tests 
In this category, there are commands that deal with equality and inequality checking 
among variables. To use a command, we select it from the command window and place it 
in a drag-and-drop way. Some examples include: greater than, greater of equal than, 
lower than, lower of equal than, equal, not equal 

Mathematic 
Operators 

In this category, we find commands that deal with mathematical operators, which help use 
perform mathematical calculations. To place an operator, we select it from the command 
prompt and place it in the central drag-and-drop programming window. Some examples 
include: min, max, modulo, power, abs, sin, cos.  

Variables and 
Constants 

In this category, we find variables and constants management commands. To place a 
variable, we select it from the command window and place it in the central drag-and-drop 
programming window. Some examples include: set integer variable, set digital variable, 
define integer variable, set alphanumeric variable 

Generic 
Hardware 

In this category, we find the commands that help up programming with special functions 
regarding hardware components, such as sensors and actuators. To place a special 
command, select it from the command window and place it in the drag-and-drop main 
window. Some examples include ultrasonic sensor, servomotors and LCD displays.  

Communications 
In this category, we find the commands that facilitate Arduino communication with the 
serial ports. In order to place a communication command, we select it from the command 
window and place it in the central drag-and-drop programming window. Some examples 
include: send and receive variable values and serial ports.  

After integrating all part of the robot and connecting the electronic board, students must upload the 
Ardublock code to the microcontroller, through serial port, and thus make the robot move and make 
decisions on the process. According to the teaching scenario, which is analyzed in the following 
section, students program their robot with the aim to avoid any possible obstacles. To this end, in fig. 6 
we display the main program, which consists of the following parts: 1) the set up part: All necessary 
variables are initialized 2) the loop part: the main program logic is displayed. In part (2), we see that 
students use all necessary commands as mentioned in Table 2. Moreover, in order to make the 
program more compact, students are able to write their own functions (procedures), regarding the 
moves of the robot and its behavior. The commands of these functions are shown in fig. 7 and fig. 8a, 
8b respectively. 

 
Figure 6:  Main program – obstacles avoidance decision making 
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Figure 7: Customizable functions regarding obstacles 

avoidance 

 
Figure 8a: Customizable functions regarding 

robot moves 

 
Figure 8b: Led initialization as an output of 

decision making 

2.3 STEM teaching scenario 
The basic didactic approaches used in STEM teaching scenarios are as follows: 1) Engineering 
Design, 2) Problem-based learning (PBL), 3) Product-design cycle, 4) Project method and 5) Inquiry - 
based learning. Our proposed and tested inside classroom conditions is based on PBL method. In 
particular, the team of students that deal with the recyclable materials robot design needed to break 
the initial problem in many smaller ones, thus following a divide and conquer solution process method. 
Of course, there are some pre-requisite knowledge in order to integrate robot parts and program the 
robot. These are:  

ü Firstly, students learn how to make simpler Ardublock programs (i.e. Arduino blinking leds), in 
order to be familiar with all command categories. 

ü Secondly, students learn to make simple and basic circuits, following the laws of Kirchhoff and 
observe if current flows correctly.  

ü Following, students acquired more advanced set of programming skills that are necessary for 
them to program servo – motors and ultrasonic sensors.  

In the following table (Table 3), we describe the parts of our STEM teaching scenario:  
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Table 3: STEM teaching scenario parts 

Scenario Parts Meaning 

Title  Smart Wall – E: Obstacle avoidance and optimal decision making 

Estimated time 

Ø 1 hour to comprehend the instructions and to plan for the construction 
Ø 1 hour to collect the right materials and tools 
Ø 20 minutes to understand how to use the tools and how to read the blueprints 
Ø 2 to 3 hours to measure and cut the paper parts  
Ø 2 hours (at least) for wheel support, main body construction, motors mounting, belts, 

electronics, integration and assembly of all parts. 
Ø 1 to 2 hours for circuit design and wiring electronics 
Ø 1,5 hour to code  

Description 
Our proposed teaching scenario is related to robot design using recyclable materials with 
the aim to program it in order to avoid obstacles real time and make optimal decisions. The 
materials used are described in the above sections (section 2.2.1 and 2.2.2) 

Identity  The proposed scenario is considered as interdisciplinary regarding engineering 
(construction and blueprints), physics (basic circuit design and wiring) and 
programming/logic/algorithms (obstacle avoidance, use of decision-making commands, 
loops and sensory values). In other works, the scenario is STEM based. 

Target and Goals The ultimate goal of the proposed STEM scenario is to engage students in the process of 
problem solving according to PBL didactic method. Moreover, students learn to work 
together in sub-teams and follow a divide and conquer solution approach. The scenario also 
aims to familiarize students with optical programming in the sense that they should program 
the robot to avoid obstacles real time and make decisions according to sensor values based 
on distance. Finally, the proposed scenario test students’ skills regarding their holistic 
solution approach and integration and construction skills. In particular, students should:  
Ø Learn to use the correct recyclable materials 
Ø Learn to integrate all parts of the robot design 
Ø Learn to program using sensor values 
Ø Learn to use several kinds of loops and decision making commands 
Ø Learn to build circuits and Arduino wiring 

3 RESULTS 
In order to extract experimental results, we use stationary questions that study the computational 
thinking. The research questions of this study aims to explore the effect of the four fields of 
computational thinking. The study was guided by the following two open research sub-questions: 

1 Do you think that you can manipulate and transform material especially using hand on 
constructions? 

2 Do you think that using recycled materials could have an impact on your engineering 
education? 

We collect the answers from two teams of students. We process the data with SPSS and our results 
show the effect on computational thinking between the two teams. According to our initial results, 
students using recycled materials have increased their computational thinking perspectives. 

Tinker is a part of the core of Computational thinking was the ability to break big problems into smaller 
ones until one can automate the solutions of those smaller problems for rapid response (NRC, 2011, 
p.66). According to literature, researchers note the impact of Tinker because by tinkering, the students 
learn to develop and create new ideas to solve their problems [10],[11],[12]. One of purposes of this 
research study is to examine the impact of Computational Thinking when teaching educational robotic 
using Recycled Materials and Arduino. We use Arduino to create open source code for the motion of 
robot and Recycled Materials for the construction the body of robot by tinkering them. We approached 
by epistemology of STEM using the model of Inquiry Based Learning [13],[14] and Problem Based 
Learning. Two groups A and B have the same number of students (twenty - 20). The two groups 
construct the same figure of robot.  

1450



The group A constructs the robot using commercial material like Lego [5]. The group B constructs the 
robot using Recycled Materials to tinkering their robot and Arduino. Data were collected from the two 
groups at the first class of High school. We use the questionnaire for self-efficacy in Computational 
Thinking concepts by Weese et. al. The questionnaire for self-efficacy in Computational Thinking 
concepts [15],[16],[17] contains questions measured self-efficacy on a five-value Likert scale: strongly 
disagree, somewhat disagree, not sure, somewhat agree and strongly agree. The different concepts 
included in the questionnaire are: 

- One (1) question for testing and debugging (TAD) 
- One (1) question for questioning (QUE). 
- Two(2) questions for problem decomposition(DEC) 
- Two (2) questions for data (DAT) 
- Two (2) questions for incremental and iterative(IAI) 
- Three (3) questions for parallelization 
- Three(3) for abstraction(ABS) 
- Four (4) for algorithmic thinking (ALG) 
- Five (5) questions for control flow (CON) 

Team A used typical components and their teachers instructed them to follow the user guide of the 
legacy factory model (i.e. Lego) guided them. The team B had to do the work of team A (mechanical 
construction and programming), however they also: 1) Investigated all the recycled materials 
available, 2) The had to choose the most appropriate materials and 3) They had to design and 
construct the robot mechanism and integrate all parts. Questionnaire has Cronbach alpha internal 
consistency reliability 0.85. A paired t test was employed to compare the means of the two groups (A 
and B) it since the data were normally distributed. A t-test was applied for the 23 questions with p 
value less than 0.05, indicating a significant difference in self-efficacy for Computational Thinking for 
the concept of group B (Recycled Materials and Arduino) vs group A (commercial material). We also 
observed significant differences for all the different concepts except for the concepts CON and where 
the p-value was bigger than 0.05. 

4 CONCLUSIONS 
In this paper, we propose STEM teaching scenario based on recyclable materials robot design and 
optical programming. We use open software and open software hardware based on Arduino platform. 
We argue that teachers should try open solutions and stop being sceptical about adopting educational 
robotics activities and STEM approaches inside their classrooms. Moreover, our initial findings certify 
that robot design and construction based on recyclable materials enhance students’ computational 
thinking skills, as compared to students who follow similar teaching scenarios but use legacy 
educational robotics solutions. 
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