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Abstract: The rapid advancement of Artificial Intelligence (AI) and Machine Learning (ML)
highlights the need for innovative, engaging educational approaches in secondary edu-
cation. This study presents the design and classroom implementation of a robotics-based
lesson aimed at introducing core Al and ML concepts to ninth-grade students without prior
programming experience. The intervention employed two low-cost, 3D-printed robots,
each used to illustrate a different aspect of intelligent behavior: (1) rule-based automation,
(2) supervised learning using image classification, and (3) reinforcement learning. The
lesson was compared with a previous implementation of similar content delivered through
software-only activities. Data were collected through classroom observation and student-
teacher discussions. The results indicated increased student engagement and enthusiasm in
the robotics-based version, as well as improved conceptual understanding. The approach
required no specialized hardware or instructor expertise, making it easily adaptable for
broader use in school settings.

Keywords: machine learning (ML) in education; educational robotics; teaching; student
engagement; hands-on learning

1. Introduction
1.1. Motivation

The integration of artificial intelligence (AI) and machine learning (ML) education
into the school environment is a necessity driven by rapid technological advancements.
Educating students on the basic concepts and capabilities of these technologies is essential
for improving their technical skills and fostering critical and creative thinking about the
role of artificial intelligence in society [1,2]. Understanding that Al and robotics are tools
rather than threats can help students see their potential for collaboration and adaptation in
a rapidly evolving technological landscape [3].

The educational process can be enriched through multimedia, such as videos and
interactive simulations, but engaging directly with robots provides a more immersive
experience. Observing how robots learn through reinforcement learning, neural networks,
and natural language processing provides students with concrete insights into Al applica-
tions [4]. These applications demonstrate how robots function in various environments,
from industry and medicine to education and social care [5].

1.2. Robotics in STEM Education

The employment of robotic systems in learning techniques is particularly valuable
in STEM (Science, Technology, Engineering, Mathematics) education [6]. Robots provide
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real-time interaction and feedback, making learning more engaging compared to traditional
methods [7]. Constructing, programming, and experimenting with robots helps students
develop technical and cognitive skills essential for Al literacy [8].

Practical engagement with robotics not only enhances students” understanding of
Al and ML but also fosters problem-solving, collaboration, and creativity [8]. Hands-on
interaction can also boost confidence and inspire curiosity, encouraging students to explore
Al-related fields further [9].

A well-structured introduction is crucial for all lessons because it establishes student
engagement. Research indicates that factors such as personality, emotional disposition,
and motivation influence students’ ability to connect with new material [10]. Given that
today’s students are “digital natives” [11], innovative teaching methods are required to
maintain their interest, especially in Al and ML subjects. Robotics serves as an effective
tool for introducing Al and ML concepts in an interactive and meaningful way.

1.3. Purpose and Objectives

This article explores a novel approach designed to enhance student engagement and
comprehension when teaching Al and ML concepts. The lesson plan includes two simple
3D-printed educational robots, capable of performing everyday tasks. The robots are pro-
grammable using free software that does not require prior programming knowledge from
either students or teachers. They are designed to be cost-effective and easy to construct,
with freely available files and usage instructions, making them accessible even in educa-
tional environments with limited resources. The lesson begins with the presentation of
the two robots, accompanied by short videos demonstrating their real-world applications.
Students then engage in hands-on interaction with the robots. The lesson is structured
around three key stages: (1) programming robots to perform repetitive movements without
the use of machine learning, (2) training robots to recognize human prompts for interac-
tion through a trained ML model, and (3) simulating autonomy using machine learning
techniques such as reinforcement learning to help students distinguish between simple Al
applications and advanced ML processes. The teaching approach was tested in practice
and evaluated through experimental implementation in classroom settings.

The rest of the article provides a detailed presentation of the relevant research literature
in Section 2, highlighting the differences and improvements introduced by the present study
compared to existing approaches. In Section 3, the description of the robots is presented,
along with the teaching methodology and the experimental details. Subsequently, in
Section 4, the main observations, as recorded during the experimental implementation,
are presented. Section 5 includes the interpretation of the findings and the discussion of
the results, while Section 6 summarizes the main conclusions of the study and points out
suggestions for future research and improvements.

2. Related Work

The use of robots for teaching concepts of machine learning (ML) and artificial intelli-
gence (Al) has been the subject of extensive research, with various approaches highlighting
the advantages and challenges of this educational practice. Robotic kits have been used
for the hands-on familiarization of primary and secondary education students with basic
ML concepts, enhancing their engagement through practical activities. For example, the
educational robot Robobo allows students to program a “robotic pet” that physically inter-
acts with users, helping them understand human-robot interaction and the basic principles
of artificial intelligence [12]. While such approaches facilitate understanding, they require
significant investment in equipment and proper preparation by educators [13].
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Additionally, the use of virtual robotic platforms, such as ARtonomous, provides
students with the opportunity to understand reinforcement learning (RL) through simu-
lations. These platforms reduce the costs and risks associated with using physical robots,
but the lack of physical interaction may limit students” experience [14]. Other research
has explored the use of educational robotics to introduce ML and Al concepts into K-12
curricula, enhancing students’ familiarity with cutting-edge technologies. However, the
complexity of these technologies may pose challenges for beginner-level students [15].

The use of autonomous robots for the practical study of basic Al algorithms, such
as Learning Automata, has also been examined. These robots offer students the chance
to experiment in real-world conditions but require a higher level of technical expertise,
which may not be accessible to all [16]. Moreover, robots with Al capabilities have been
proposed as tools for promoting Al literacy, providing activities that combine human-
robot interaction with the understanding of ethical issues. However, the development and
maintenance costs of such systems remain significant barriers [17].

Finally, the use of cloud-based digital twins allows interaction with simulated robots,
reducing the need for physical equipment. While this approach facilitates access to ad-
vanced technologies, it depends on the availability of high-quality internet connectivity,
which can be a limiting factor [18]. Additionally, students can develop their own robotics
projects using the Robot Operating System (ROS), which provides a platform for creating
applications ranging from simple mobile robots to complex industrial arms [19]. In different
reviews of using robots in educational processes [20-22], or even simulations on computers
without physical robotic systems [23], the robots used are usually singular, limiting their
suitability for different machine learning examples within the narrow framework of a
school lesson. Overall, these studies highlight the potential of educational robotics in
teaching ML and Al Robots offer a practical and interactive way to introduce students to
cutting-edge concepts such as reinforcement learning, automated decision-making systems,
and the understanding of algorithms underpinning artificial intelligence. Furthermore,
several studies have emphasized the role of embodiment and human-robot interaction in
shaping how students perceive and engage with robotic systems. The robot is perceived
not merely as a machine but as a character with which they can interact, thus enhancing
student engagement and emotional involvement in the learning process [24-27]. However,
these benefits come with challenges that require attention. Equipment and infrastructure
costs can be barriers for schools with limited resources, restricting access to this technology.
The technical infrastructure requires specialized staff and support, while the complexity of
the robots and technologies they incorporate may deter beginner students. Additionally,
students are not exposed to applications that, despite appearing intelligent, do not utilize
machine learning techniques, limiting their understanding of what constitutes machine
learning. The educational use of robots alongside robots employed in real-world or indus-
trial applications is also restricted. In many classroom robotics applications, autonomous
robots are used that require specially designed classrooms with spaces where they can
move, which is uncommon in school classrooms or labs. As a result, the educational
community needs to find ways to reduce these barriers, making robotics technologies more
accessible and adaptable to the needs and capabilities of a broader range of students.

In response to the aforementioned challenges, the proposed educational approach in-
troduces a novel and accessible framework for teaching Al and ML in secondary education.
Unlike most existing studies that rely on a single robot or virtual platforms, this methodol-
ogy employs two distinct physical robots, each designed to highlight different concepts and
use cases. This multi-robot strategy offers students the opportunity to compare multiple
types of intelligent behavior in practice, leading to a deeper and more nuanced understand-
ing of the underlying principles. In addition, the proposed lesson is carefully designed to
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overcome typical barriers such as high cost, technical complexity, and the need for prior
programming or mathematical knowledge. It utilizes low-cost, open-source components,
printable 3D parts, and freely available web-based ML tools, allowing both students and
educators to engage with the content regardless of prior expertise or infrastructure. This
combination of accessibility, modularity, and continuity beyond the classroom directly
addresses limitations identified in previous work and expands the potential reach of Al
and ML education across diverse school settings.

3. Methods

During the previous school year, a course was designed and implemented for middle
school students on artificial intelligence and machine learning. The course consisted of a
theoretical part, where students were introduced to the fundamental concepts of Al and
ML, and a hands-on laboratory part, where they trained machine learning models using
the online platform ML4Kids [28]. They developed models capable of recognizing different
images and sounds. Subsequently, students utilized the trained models in applications they
created themselves using the Scratch [29] programming language. Although the course
initially captured students’ interest, it was observed that many of them gradually lost
engagement both in the theoretical section and during the laboratory activities.

Drawing on prior experience in teaching robotics and designing robots [30,31], a new
educational approach was developed that integrated robotics into the teaching of artificial
intelligence concepts, with a focus on machine learning. After reviewing existing market
options and the relevant literature [32], two robots were designed and developed for use
in an experimental course conducted in a school setting. This approach addressed key
challenges in teaching artificial intelligence (Al) and machine learning (ML), making these
concepts more accessible and applicable for students and educators.

Specifically, the lesson is designed so that students do not require prior programming
knowledge, as all necessary code consists of open-source software and is provided free of
charge, ensuring ease of use and unrestricted access. Additionally, the machine learning
application used is freely available online, allowing students to continue exploring the
subject outside the classroom, even without the presence of the robot.

At the same time, the lesson does not require advanced mathematical knowledge,
making it accessible to a broad student audience regardless of their academic background.
The robots used in the lesson are built from affordable and easily accessible materials, which
can be readily found in the market, while their plastic components can be produced using
3D printers, with all necessary design files provided for printing. This enables schools to
implement the lesson without incurring high costs.

Furthermore, the lesson is designed to be taught by educators without extensive
knowledge of Al and ML, making it accessible to teachers who wish to introduce students to
these concepts without requiring prior specialization. These factors significantly contribute
to increasing accessibility to such lessons, which are often absent from standard curricula
due to their complexity or infrastructure and knowledge requirements.

Another key feature of the lesson is its extensive introductory segment, which is
designed to capture students’ interest and keep them engaged throughout the learning
process. The use of robots as a teaching tool significantly enhances students’ attention and
focus compared to traditional teaching methods that lack physical interaction. Additionally,
the structure of the lesson helps students understand the fundamental difference between
simple data entry and actual machine learning, providing a clear distinction between
pre-programmed actions and processes based on machine learning algorithms.

Finally, a major advantage of the proposed approach is that the robots used do not
require specially designed classrooms or dedicated spaces for movement, allowing them to
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be easily integrated into any educational environment, regardless of available facilities. This
flexibility facilitates the implementation of the lesson in different schools and educational
settings, promoting its widespread adoption and use among a diverse range of students.
The robots are described in detail in the following paragraphs.

3.1. Using a Robot Arm in Class (Arduino Mini Manipulator)

The first robot (Arduino Mini Manipulator) is based on the Arduino Mega microcon-
troller, facilitating programming and integration with various sensors and actuators. The
robot is the orange robotic arm, as shown on the left in Figure 1a, along with its joystick,
which appears on the right in the same figure. The joystick consists of five potentiometers,
whose values control both the arm’s joints and the gripper. The Arduino Mini Manipulator
is used in two ways: storing and reproducing movements and as a robot that collaborates
with humans through a machine learning application. Figure 1b shows the CAD schematic
of the Arduino Mini Manipulator with its dimensions.

Top View (XY) with Dimensions

Width: 75.00 mm
Depth: 71.00 mm
Height: 232.98 mm

(b)

Figure 1. (a) Arduino Mini Manipulator. (b) Technical CAD View of the Mini Robot Manipulator.
The manipulator consists of 3D-printed components and servo-driven joints, with overall dimensions
of approximately 75 mm width, 71 mm depth, and 233 mm height.



Appl. Sci. 2025, 15, 4570

6of 21

3.1.1. Case I—Movement Learning and Reproduction of Movements
Educational Goals

The first use of the Arduino Manipulator is to spark students’ interest by introducing
them to the concept of teaching a robot to perform repetitive movements. This approach
does not require students to write any code; instead, it relies on a simple mechanism
in which the operator manually rotates the joints to the desired positions. Through this
process, students learn how simple, repetitive tasks can be automated by robotic sys-
tems. Unlike traditional robots that require programming by the user, this robot is already
configured to memorize and reproduce movements through simple user manipulation.
This approach allows students to observe the automation process in action without re-
quiring advanced programming knowledge while fostering the idea that many everyday
tasks can be automated, broadening their perspective on the possibilities of robotics and
artificial intelligence.

Implementation

By adjusting the positions of the joystick, which simulates the arm, the robotic arm
adopts the corresponding position that the controller has taken. The analog inputs from
the Arduino microcontroller read the positions of the potentiometers, digitize them, and
then convert them into appropriate commands to move the servo motors to the appropriate
position. This allows the instructor to set the arm’s joints in various positions, enabling the
robot to assume the desired pose each time. By pressing a button located in the middle of
the structure (Figure 1), the specific pose of the robot is recorded in the microcontroller’s
memory. Repeating the previous process with different poses of the robot results in a
sequence of recorded positions, which can then be replayed in the order they were stored.
This is achieved by pressing the same button twice consecutively within a time interval of
less than half a second. Note that next to this button, there is a second one (Figure 1a) that
temporarily pauses the robot’s operation.

Software

The robot software is provided by the authors as open-source software available
in a public repository [33]. The code is written in the Wiring language for the Arduino
microcontroller and controls the robot’s joints and movement memorization. In Figure 2,
the flow chart of the script that controls the robot is provided.

3.1.2. Case 2—Robotic Manipulator as a Cobot
Educational Goals

The second use of the Arduino Mini Manipulator is to understand the concept of
collaborative robots (cobots) alongside an example of machine learning. Collaborative
robots are designed for direct human-robot interaction within a shared space, typically
working in close proximity to humans, often without the need for extensive safety bar-
riers [34]. Through this activity, students comprehend how a robot can act as a human
partner, performing tasks in harmony with its users. Additionally, the potential integration
of machine learning (ML) applications, which enable the robot to “learn”, is demonstrated.
In the subsequent lesson, students, organized in groups, train an ML model using appro-
priate data and connect it to the robot so that it can act as their partner in a simulated
task. This process allows students to actively experience human-machine collaboration,
developing skills related to machine learning as they use the Teachable Machine [35] web
application to train a model. By using this robot in this case, students understand the
distinction between machine learning and simple memorization performed in the first
case. In the Teachable Machine web application [35], the model needs numerous photos
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of each human pose to learn. In the first case, the robot learns a pose directly from the
user via the controller just by pressing a single button. The robot merely executes the
movements in a predefined order, unable to change any of these programmed positions. It
is akin to placing ingredients for a beverage in predefined positions and programming a
mechanical arm to perform a sequence of automatic movements to prepare it. With this
operation, the robot has not learned the recipe but simply has stored the angles of its joints
and repeats them at a fixed rate. For instance, if an ingredient is missing, or has moved
from its predetermined position, the robot will not detect it and will continue the process.
In contrast, in the second example, where the machine learning model is trained, this is no
longer the case. The machine learning model learns human body poses and can recognize
them regardless of whether different students assume them or whether the specific pose
of one student differs slightly from another’s. With these two different uses of the robot,
students understand the difference between simply entering positions and learning the
positions through machine learning.

Initialize Variables
&Servo Motors

No Read Button Input

Manual Mode Play Mode

H

Read Potentiometers
& Map Values

:

Read Stored
Move Servo Motors Positions

v

Calculate
Movement

v

Move Servos
Step-By-Step

Check End
Condition

Wait for Next
Input

Figure 2. Arduino Mini Manipulator flow chart.
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Implementation

To introduce the idea of using the robot as a collaborator, a model must first be trained
to recognize the poses a human body takes. This is carried out with the Google Teachable
Machine web application [35], as seen in Figure 3, where the model can be trained to learn
various positions of the body. This is accomplished by providing data using a computer
camera where at least 80 photos of each position are captured. After the appropriate
photos are saved, training can proceed as shown in Figure 4. The application allows for the
adjustment of model training epochs and the learning rate. It also enables the monitoring of
the model’s performance improvement during training, as seen in Figure 5. After training,
the model runs directly in the browser and can be tested as shown in Figure 6. If the
accuracy is unsatisfactory, photo samples and training parameters can be modified and
retraining can occur until satisfactory results are obtained. Once the training process
is complete, the model can be exported. The application returns a simple HTML and
JavaScript script that includes the URL where the trained model is stored, which can be
saved locally. Running this script in a browser opens a simple window where the model
runs live and displays predictions.

= Teachable Machine

No Pose

Webcam

Switch Webcam

X Add Pose Samples:

v

Hold to Record &3

= Teachable Machine

4

)]

Webcam Upload

Right Pose

88 Pose Samples

4

4

)]

Webcam  Upload

Left Pose

102 Pose Samples

C o

Webcam  Upload

Training
Preview T  Export Model
Train Model
You must train a model on the left
before you can preview it here.
v
Figure 3. Teachable Machine web application.
I I
ks Clr—ika ke \T—ika e e e Training...

00:18-3/50

Advanced A

Epochs: ® Preview T Export Model

....... You must train a model on the left
before you can preview it here.

Batch Size:

Learning Rate:

\"V ;’V
4 4

Figure 4. Training of the model.
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Figure 6. Testing the model.

To connect the robot to the application running on the computer locally, a JavaScript
script was also developed that accepts the recognition data and sends it serially via the
USB port to the Arduino microcontroller that controls the robot.

The robot receives data encoded in numbers through its serial port and, depending
on the number it receives, performs a predetermined movement. The predetermined
movements are already specified in the script that runs on the Arduino microcontroller.
If there is adequate time in the lesson, students are given the opportunity to change
the positions taken by the robot by changing the angles of the arm joints. The script is
appropriately commented to enable even inexperienced students to change the positions
with ease.

Software

The robot’s code is also written in Wiring, as in the previous case, but the script is
different and manages the robot’s joints. To enable the robot to detect poses, the user
trains a pose classification model using the Teachable Machine [35] web application. This
application generates a simple HTML and JavaScript script that runs in the browser,
utilizing the computer’s camera to classify the user’s pose in real time. To establish
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communication between the web app and the robot, a JavaScript script must be executed
locally, enabling a serial connection via USB. The complete setup is illustrated in Figure 7.

Teachable Machine / \
Student

mogz::r:?;ing_ _D(Tf::t::g: ;t:st::::isr;g -

Student PC

Training

A 4

Trained
model

Y

Arduino mini

manipulator

Live data
from the webcam
HTML Commands via

Pose JAVASCRIPT USB Serial

% o

Figure 7. The student connects to the web application through a browser, where they train the

Y

machine learning model. The application returns an HTML file containing the trained model’s
URL. The connection between the browser app and the robot is made with JavaScript running on a
local computer.

3.1.3. Hardware

Sensors:

e  Five (5) potentiometers, which serve as sensors for the desired position of each joint of
the robot’s arms and gripper.

e  One on/off switch that temporarily suspends the robot’s operation.

e  One push button that records the current position of the joints in the microcontroller’s
memory when pressed once and triggers the robot to repeat the recorded movements
if pressed twice consecutively within one second.

Actuators:

e  Five (5) servo motors: four for joint movements and one for gripper operation.

e  One LED that provides visual feedback when a position is recorded in the microcon-
troller’s memory. The LED lights up momentarily during recording and blinks steadily
when the robot is in suspension mode.

Power Source:
e A DC power supply of 5 Volts and 0.6 Amperes.
Other components:

e  Breadboard, universal PCB with holes, 2 resistors of 1 k), and 1 resistor of 22 Q).

3.1.4. Assembly and Cost

The total cost of constructing the robot is approximately €60, making it significantly
more economical than commercially available educational robots. Assembly is straight-
forward, requiring only basic tools such as a screwdriver and a soldering iron. De-
tailed assembly instructions are provided along with the 3D design files [33], ensuring
easy reproduction.
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3.2. Using the SelfLearn Robot
3.2.1. SelfLearn Robot

The second robot (SelfLearn robot) as seen in Figures 8 and 9, demonstrates how a robot
can learn to perform a task autonomously using a simple reinforcement learning algorithm.
It consists of a two-degrees-of-freedom arm and can move freely on a line, thanks to its
three supporting wheels. The robot includes an ultrasonic sensor that measures its distance
from a fixed obstacle. Based on these measurements, it determines whether it is moving
away, approaching, or remaining stationary relative to the obstacle. The robot moves its
arm to random positions until it discovers the appropriate combination of movements
(rotations to specific angles) through reinforcement learning, allowing it to move away from
the obstacle. In this way, it gradually learns how to move forward, leaving the obstacle
behind. The design of this robot minimizes arm complexity and achieves successful results
within a short time period using reinforcement learning.

Figure 8. SelfLearn robot side view.
Width: 115.00 mm

Depth: 330.00 mm
Height: 96.00 mm

- 150

100 =50

Figure 9. SelfLearn Robot CAD Design.
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3.2.2. Teaching Reinforcement Learning
Educational Goals

The SelfLearn robot provides students with a tangible example of how a robot can
learn and evolve its behavior using reinforcement learning (RL). It serves as an engaging
tool that facilitates understanding of how such technologies can be developed and applied
in real-world contexts. The robot’s adjustable arm lengths offer students the opportunity
to observe learning behavior that adapts independently of the hardware configuration.
The reinforcement learning method implemented is simple and does not require advanced
mathematical knowledge, making it suitable for beginners. During the practical session,
students interact with the robot and are encouraged to experiment freely, supported by
detailed code comments that enhance accessibility. This allows students to experience a
learning system that operates autonomously, unlike the pre-programmed systems used in
earlier stages of the lesson.

Implementation

The SelfLearn robot is pre-programmed to perform sequences of random joint move-
ments and to evaluate each sequence based on the resulting displacement from a fixed
obstacle, measured via an ultrasonic sensor. Each of the two servo-operated joints can
rotate between 0° and 180°. A complete movement cycle consists of four alternating activa-
tions: joint one, joint two, joint one again, and joint two again. After each cycle, the robot
measures its distance from the obstacle. If a given movement sequence results in greater
displacement than all previous attempts, the corresponding joint angles are recorded as a
successful configuration. This trial-and-error process is repeated for 40 training episodes. If
no meaningful displacement is observed (e.g., less than 2 cm), the training cycle restarts.
After completing the training phase, the robot executes the most successful movements as
a demonstration of the learned behavior. Students are invited to reflect on the process and
suggest improvements to the code, with support and guidance provided by the instructor
to promote optimization and deeper understanding.

3.2.3. Software

The robot’s software is available as open-source code in a public repository [33] and
is written in the Wiring programming language for the Arduino platform. The robot’s
behavior is governed by a simple reinforcement learning algorithm. It explores differ-
ent combinations of arm movements through random trials. Movements that result in
improved displacement are saved in memory, while others are discarded. This exploration—
exploitation cycle continues until the robot has completed approximately 40 training
episodes, a value selected based on classroom time constraints and observed convergence
in performance. Upon completion, the robot reproduces ten of the most effective movement
sequences to visibly demonstrate the outcomes of the learning process. The logic of the
robot’s training and execution flow is illustrated in Figure 10.

3.2.4. Hardware

Sensors:

e  Ultrasonic sensor for measuring the robot’s distance from a fixed obstacle.
Actuators:

e  Two (2) servo motors for arm operation.

Power Source:

e Six x 1.5 Volt AA batteries.
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Other components:

e  Metal axles.

Setup
init Servo,Sensors
Random Seed
Init Distance

Loop Main Execution

Check Free Memory

Do Training

v

Generate random
servo Positions

v

Move servo to
New positions

v

Measure
Distance

v

Calculate Distane
Diference

v

Update Best if
New is Greater

—Ye: Episode =40 No—

Reset Episode
| Counter if Neeeded

v

Do learned
Behavior-
Repet Best Moves

v

Move Servos
To Neutral

Figure 10. SelfLearn logic diagram.

3.2.5. Assembly and Cost

The total cost of constructing the SelfLearn robot is approximately €30, making it
significantly more economical than equivalent commercially available educational robots.
Assembly is simple, requiring only basic tools such as a screwdriver and glue. Detailed
assembly instructions are provided along with the 3D design files on GitHub [33], ensuring
easy reproduction.

3.3. Study Design and Data Collection

This study was conducted during the academic year in a Greek lower secondary
school with the participation of 20 ninth-grade students (12 girls and 8 boys, aged 14-15).
The intervention consisted of two 45-min lessons focusing on artificial intelligence (AI)
and machine learning (ML), incorporating the use of two physical robots and web-based
machine learning platforms. The two sessions were separated by one week and delivered
by a guest instructor supported by the school’s computer science teacher.
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The first session was held in the classroom and included demonstrations, videos, and
discussions introducing the concepts of Al, machine learning, and robotics. The second
session took place in the school’s computer lab, where students were divided into pairs per
computer station. Each station was equipped with an Arduino Mini Manipulator robot,
a USB cable, and access to JavaScript scripts and the Arduino IDE (https://docs.arduino.
cc/software/ide/ (accessed on 23 November 2024)). Students trained their own machine
learning models using the Teachable Machine platform and integrated them with the robot.

Data were collected through both quantitative and qualitative means. At the end of
the second lesson, students completed a five-item questionnaire using a 5-point Likert scale
(1 =not at all, 5 = very much), designed to assess their interest in the lectures and topic
as well as their perceived understanding of core concepts such as the difference between
preprogrammed behavior and machine learning, the use of the Teachable Machine platform,
and reinforcement learning.

In addition to the questionnaire, qualitative data were gathered through systematic
classroom observation. During both sessions, the classroom teacher and an additional com-
puter science instructor documented behavioral indicators of engagement and motivation.
These included attentiveness, participation, willingness to collaborate, and the frequency of
unsolicited questions. Particular emphasis was placed on contrasting these behaviors with
those recorded during a previous implementation of the same content delivered without
the use of robots. In that earlier lesson, 36 students (21 boys and 15 girls) were taught
AI/ML concepts using software-only tools such as Scratch [29] and ML4Kids [28]. The
same questionnaire was administered and similar observational data were collected for
comparative purposes.

Analysis of the data involved descriptive statistics for the questionnaire responses
(means and standard deviations), while open-ended student responses and teacher notes
were examined thematically to identify trends in engagement, understanding, and attitudes
toward the use of robotics in Al education.

The implementation did not require students to have prior programming or advanced
mathematical knowledge. All software tools and robot control scripts were open-source
and accompanied by detailed documentation. Ethical approval for the study was obtained
through the school administration, and all activities were carried out in alighment with
educational ethical standards. No personal data were collected.

3.4. Education Plan

The educational plan focused on delivering Al and ML concepts to ninth-grade stu-
dents through an engaging and accessible two-part lesson. The first session, lasting 45 min,
was held in the classroom and included multimedia presentations and live demonstra-
tions. These demonstrations featured the Arduino Mini Manipulator robot performing
pre-recorded movements to introduce concepts such as automation and collaborative
robots (cobots). Key distinctions were drawn between rule-based automation and learning-
based behavior, prompting class discussions on the differences between programming and
machine learning.

The second 45-min session took place in the school’s computer lab. Students worked
in pairs to train image classification models using Google’s Teachable Machine platform.
After completing the training, they integrated their models with the robot using the pro-
vided scripts and observed the robot performing actions based on real-time pose recog-
nition. In the final phase of the lab, students were introduced to the SelfLearn robot,
which demonstrated reinforcement learning. The robot performed trial-and-error move-
ments to maximize its distance from an obstacle, illustrating adaptive behavior without
direct programming.
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The structure emphasized interactivity and hands-on learning while requiring no
prior coding experience. All materials, including robot designs and code, were made freely
available, ensuring that students and educators could replicate the activities in a variety of
school settings. The plan was designed to gradually build conceptual understanding by
moving from simple automation to more advanced machine learning techniques, using
robots as tangible examples to support theoretical instruction.

3.4.1. First Lesson

The lesson began with the presentation of a video showing a robot memorizing
movements demonstrated by a human, without the need for computer programming [36].
This demonstration captured students’ interest and initiated a brief discussion about robotic
capabilities and training methods. Following the video, the first robot—Arduino Mini
Manipulator—was introduced. The teacher manually adjusted the robot’s arm to specific
positions, which were recorded by pressing a button, enabling the robot to replicate the
movements in sequence. It was clarified to students that this process did not involve
machine learning but was a simple recording of joystick potentiometer values to simulate
robotic arm operation.

Subsequently, students watched a second video [37] featuring a collaborative robot
(cobot) working alongside humans. The importance of cobots and their growing role in
future work environments was highlighted. An application involving the first robot and
Google’s Teachable Machine [35] was demonstrated, in which a pose recognition model
detected head movements and triggered corresponding movements in the robotic arm.
Students were informed that in the next lesson, they would train their own models and
apply them to control the robot’s actions.

To introduce the concept of reinforcement learning, a third video [38] was shown,
depicting a two-month-old baby moving randomly. The teacher used this analogy to
explain how both humans and machines learn by observing the outcomes of their move-
ments. Reinforcement learning was presented as a method enabling machines to learn in
a similar fashion [39]. The lesson concluded with a demonstration of the second robot,
capable of learning arm movements independently to move forward. This presentation
elicited strong interest from the students, who anticipated actively training models in the
upcoming session.

3.4.2. Second Lesson

The second lesson was conducted in the school’s computer laboratory. Students were
paired and assigned one Arduino Mini Manipulator per workstation. Each computer was
equipped with internet access and the required software tools, including JavaScript and
Arduino Wiring scripts. USB connections facilitated communication between the computers
and robots. Students were instructed to train a machine learning model using Google’s
Teachable Machine [35] platform, configuring it to recognize two distinct body postures.

During training, students explored parameters such as “epochs”, “batch size”, and
“learning rate” and interpreted the model’s performance using the platform’s visual graphs.
These concepts were explained in simplified terms to ensure accessibility for all participants.

Once their models were trained, students exported them and, following teacher
guidance and the provided support materials, created a webpage to run their models.
Additional software enabled the integration of the robot with the web-based model. With
assistance from in-code comments and real-time teacher support—delivered both in-person
and via projector—students configured the robotic arm to perform specific actions. Af-
ter configuration, the code was uploaded to the robot and the students activated their
full application.
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Later in the session, students were introduced to the second robot. They received
a written guide and digital script explaining the functionality of each code component.
Although no direct code modifications were required, students were encouraged to experi-
ment by restricting the range of joint angles, which improved training efficiency.

Throughout the laboratory activity, the teacher engaged with each student group to
gather impressions and stimulate discussion about the real-world applications of machine
learning. These conversations reinforced the connection between technical concepts and
societal use cases. At the conclusion of the session, students completed a short questionnaire
consisting of five Likert-scale questions, designed to assess their interest in the lesson
content and their self-perceived understanding of key Al and ML concepts.

4. Results

Throughout the robot demonstrations and laboratory activities, students consistently
displayed a high level of interest and engagement. Compared to a similar implementation
conducted in a previous academic year—where Al and ML concepts were introduced
through lectures and a Scratch-based lab activity without the use of robots—the difference
in student behavior was substantial. In the earlier implementation, 36 students (21 boys
and 15 girls) completed a post-lesson questionnaire. When asked whether the lectures
were interesting (on a 5-point Likert scale), 2 students answered “a little”, 6 “moderately”,
12 “quite”, and 16 “very much”, with a resulting mean score of 4.17 (SD = 0.91). Simi-
larly, regarding their overall opinion of the topic, 1 student found it “a little interesting”,
3 “moderately”, 12 “interesting”, and 20 “very interesting”, yielding a mean score of 4.42
(SD = 0.77). Teacher observations during that session recorded noticeable disengagement:
one in five students lost focus during the lectures, and in half of the lab groups (6 out of 12),
at least one member disengaged from the activity, necessitating teacher intervention.

In contrast, during the current lesson involving three physical robots, no student was
observed losing interest at any point during either the lecture or the lab session. Some
students seated at the back even expressed frustration over limited visibility, eager not
to miss any aspect of the presentation. All students remained focused, including those
typically disengaged. Enthusiasm was particularly evident during the hands-on portion,
where students witnessed their code executed by the robots—eliciting applause in some
cases. When teachers visited each group to gather impressions, student responses were
unanimously positive. Notably, 12 out of 20 students requested to continue working with
the robot during the break, indicating an exceptional level of motivation not observed in
the previous implementation.

A post-lesson questionnaire administered to the 20 students involved in the current
intervention further confirmed these observations. The mean score for interest in the
lecture was 4.85 (SD = 0.36), and for interest in the topic, 4.20 (SD = 0.77), both notably high.
Regarding content comprehension, the mean scores were also encouraging: 4.10 (SD = 0.85)
for understanding the distinction between preprogrammed motions and machine learning,
3.95 (SD = 0.75) for comprehension of the Teachable Machine platform, and 4.00 (SD = 0.80)
for understanding the basics of reinforcement learning. These findings indicate strong
engagement paired with meaningful conceptual understanding.

This comparison effectively serves as an informal control study, as both implemen-
tations addressed similar learning objectives with comparable student demographics,
differing only in the inclusion of educational robots. The observed increase in engage-
ment and motivation, supported by both qualitative observation and quantitative student
feedback, reinforces the added pedagogical value of the robotics-based methodology.

The robot presentations and lab activities were completed within the allocated time;
however, one teaching hour proved to be barely sufficient, leaving limited opportunity
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for student questions and interaction with the instructor. Nonetheless, student inquiries
were recorded for future lessons. Many of these questions were ethical in nature, including
whether humans could be replaced by intelligent machines, whether Al development
should continue, and how much autonomy should be granted to intelligent systems.
Two students asked, “If we eventually succeed in making robots capable of replacing us in
all jobs, what will humans do?” Such questions underscore the importance of including
ethical considerations in Al education, as emphasized by several researchers [40-44].

During the lab session, technical questions—such as the clarification of code elements
or locating functions—were addressed promptly. Teachers also visited each group to
facilitate discussions on real-world applications of machine learning and to collect feedback
on the lesson. Students proposed a variety of creative applications, including:

e A Robot Trainer or Coach: Assisting users with exercise routines or sports training.

e A Content Creator Robot: Supporting users in creating digital content, such as social
media videos.

e A Cooking Robot: Suggesting and preparing recipes based on available ingredients
and user preferences.

e A Study Assistant Robot: Helping students with homework and subject explanations.

e  An Al Fashion Assistant: Recommending outfit combinations and trends.

e A Warehouse Robot: Managing inventory and coordinating stock replenishment.

It is worth noting that, in contrast to the earlier implementation without robots, student
responses regarding potential machine learning applications were more focused and con-
textually appropriate. Specifically, in the previous implementation, 9 out of 36 responses
to the open-ended question on ML applications were either unrelated or incorrect. In
the current robotics-enhanced lesson, all 20 students provided relevant and thoughtful
responses, reflecting a deeper and more accurate understanding of machine learning’s
practical utility.

The robots functioned reliably throughout the sessions, with no unexpected malfunc-
tions. Instructional materials—including scripts and explanatory notes—were clear and
sufficient for supporting student tasks. When students encountered difficulties, teacher
assistance was readily available, ensuring smooth and uninterrupted lesson progress.

The sequencing of the robots helped students distinguish between non-learning au-
tomation and actual machine learning processes. The first robot, which recorded and
replayed joystick-defined positions, served to illustrate basic automation. In contrast, the
Teachable Machine activity demonstrated supervised learning via human-generated data,
and the third application introduced reinforcement learning through trial-and-error behav-
ior. Together, these stages clarified the nature of machine learning and helped the students
associate theoretical concepts with tangible real-world implementations.

5. Discussion

Although the lesson was not intended to provide an in-depth analysis of artificial
intelligence, the inclusion of robots transformed students’ attitudes. Their integration into
the educational process significantly enhanced attention and focus, as live demonstrations
and the interactive nature of the activities maintained high levels of engagement. Moreover,
the physical presence of the robots generated substantial interest, with students showing
heightened attentiveness during the first presentation and increased willingness to par-
ticipate during the second laboratory session, fostering a collaborative and enthusiastic
learning environment.

The complexity introduced by the robots did not exceed the level required to meet
the learning objectives. Their integration into the lesson did not significantly increase
the time needed for preparation and execution compared to previous implementations
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that did not include robotics. In fact, their use facilitated a clearer and more practical
understanding of Al and ML concepts while maintaining a manageable workload for both
teachers and students.

Demonstrating robots functioning under realistic classroom conditions provided
students with tangible and relatable examples of how modern technologies operate in
practice. Students expressed appreciation for the opportunity to witness Al and ML
technologies firsthand. Discussions held during the second lab session confirmed that
students had not only grasped the basic mechanics of machine learning but also connected
these principles to real-world applications, including process optimization, automation,
and innovation in everyday life and industrial contexts.

The lesson structure was accessible to both instructors and students with no prior
expertise in robotics or artificial intelligence. This approach allowed students from diverse
academic backgrounds to engage with the subject matter. Those with an existing interest
in technical fields showed increased enthusiasm for exploring robotics and advanced
technologies—an engagement aligned with STEM fields traditionally seen as challenging.

The hardware performed reliably, without unexpected technical issues, confirming the
robustness of the design. Activities were completed within the available class time; however,
the limited duration of each session constrained opportunities for deeper discussion and
extended exploration. It became evident that additional instructional time would be
beneficial to further support student questions and broaden conceptual understanding.

Although the sample size was relatively small, and learning outcomes were not eval-
uated through a formal pre/post design, the triangulation of data—combining teacher
observations, student questionnaire responses, and classroom engagement—offers com-
pelling qualitative and quantitative insights. The main constraint was the limited time
allocated to Al education in the current ninth-grade curriculum, which restricts the potential
for more extended interventions. The findings suggest the need for increased instructional
hours and curriculum reform to support Al and ML integration.

The comparison with a previous non-robotic implementation provided further vali-
dation of the method. That earlier version, taught with lectures and a Scratch-based lab,
resulted in lower engagement, as evidenced by questionnaire data and classroom observa-
tions. In contrast, the current robotics-enhanced approach sustained attention, encouraged
active questioning, and fostered voluntary participation—outcomes that strongly suggest
the added pedagogical value of robotics in Al and ML education.

The overall student impression was highly positive, with many expressing a desire
for additional lessons on similar topics. The positive reception prompted the development
of an expanded lesson plan, including two hours of lectures and two hours of laboratory
work. The activity was scaled up to include additional classes within the same school and
shared with three other teachers. For the upcoming academic year, the methodology will
be incorporated into teacher training seminars. Additionally, curriculum changes at the
national level now support more extensive Al instruction through increased classroom
hours and updated teaching materials. These developments enable broader and more sus-
tainable implementation. Future iterations will include structured follow-up assessments
to evaluate long-term learning and impact.

6. Conclusions

The use of robots has been demonstrated to support the understanding of complex
concepts in STEM courses [44]. In the experimental lesson presented in this study, the
incorporation of educational robots enhanced the learning experience without introducing
obstacles or increasing the educator’s workload. Their presence captured students” atten-
tion and provided concrete examples that motivated more active engagement compared to
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a previous non-robotic implementation. As a result, students were able to distinguish be-
tween simple memorization—where a robot stores and repeats joint angles—and machine
learning, which involves learning from examples and data.

Student engagement and participation during the laboratory phase were particularly
strong, indicating that the use of robots contributed positively to both motivation and
conceptual understanding. The integration of the robots into the lesson did not pose
challenges related to time management or technical complexity. On the contrary, their
use facilitated the explanation of advanced topics in a manner accessible to students and
teachers alike.

Moreover, the cost of the robots is minimal, and all related hardware and software
components are open-source. The robot designs and the necessary instructional materials
are freely available on GitHub [33], ensuring that the approach can be replicated in other
educational contexts with limited resources. The only potential barrier is the 3D printing of
plastic components, which may require access to suitable equipment.

Future plans include the development of more extensive lesson sequences and the
systematic evaluation of learning outcomes to assess the effectiveness of the intervention.
Additional instructional materials and lesson plans will be shared with other educators, ac-
companied by online training seminars. Expanding the duration of activities and including
a wider range of practical examples will further enhance the potential of this methodology
as a scalable and impactful tool for teaching Al and ML in secondary education.
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