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Abstract — The study examines how Project-Based
Learning (PjBL) enhances technological literacy and
machine operation skills among elementary students.
Using a qualitative approach, data were collected
through observations, interviews, and documentation
from 67 students divided into seven project groups, each
guided by a teacher. Students developed science
projects, including Arduino-based robots, earthquake
detectors, and automated systems, to explore practical
applications of technology. Content analysis revealed
that PjBL significantly improved students’ technical
skills, critical thinking, collaboration, and problem-
solving abilities. Observations indicated heightened
engagement and enthusiasm, while teacher interviews
confirmed increased interest in science and technology.
Hands-on project work helped students better grasp
technological principles, demonstrating PjBL’s
effectiveness in fostering early STEM competencies.
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The findings suggest that integrating PjBL into
elementary curricula can effectively prepare
Generation Alpha for a technology-driven future.
Schools are encouraged to adopt PjBL widely to
strengthen foundational technological literacy.
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1. Introduction

The advent of the Fourth Industrial Revolution
(Industry 4.0) and the concept of Society 5.0 have
significantly transformed various sectors, including
education. The Alpha Generation, having been born
into a digital environment, exhibits a remarkable
ability to adapt to technology compared to previous
generations [1], [2]. However, despite their familiarity
with technological devices, research indicates that
their understanding of the fundamental principles
governing these technologies remains limited [3]. This
gap underscores the need for technology-based
education from an early age, particularly to equip
students with essential 21st-century skills related to
the operation of simple machines and engineering
concepts [4]. The integration of Project-Based
Learning (PjBL) into educational curricula has
emerged as a promising approach to address this need.
PjBL not only enhances students’ understanding of
technological concepts but also fosters critical
thinking, creativity, and collaboration, which are
pivotal in the modern educational landscape [5], [6],
[7]. Implementing PjBL in elementary science and
technology education can significantly improve
students’ machine operation skills through hands-on
projects that engage them in real-world problem-
solving [8].
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For instance, studies have shown that students
participating in PjBL demonstrate higher levels of
creativity and problem-solving skills than those in
traditional  learning  environments [5], [9].
Furthermore, PjBL aligns well with the principles of
situated learning, where students engage in projects
that reflect real-life challenges, thereby enhancing
their learning experience [7]. By fostering an
environment where students can collaborate on
technology-based projects, educators can help
cultivate a generation that is not only technologically
adept but also capable of applying their knowledge in
practical contexts [10]. This approach is crucial for
preparing students to thrive in an increasingly
complex, technology-driven world, ensuring they
possess the skills to navigate future challenges
effectively [11].

The educators increasingly recognize technology
literacy as a vital component of science literacy,
essential for preparing students to confront global
challenges [12]. In line with this view, [13]
emphasizes that technology literacy is a critical aspect
of science literacy. However, primary education often
remains predominantly theoretical, lacking the hands-
on experiences necessary for students to engage
effectively in technology-based problem-solving. The
Organisation for Economic Co-Operation and
Development (OECD) has highlighted this
educational gap, advocating a shift towards
experiential learning to adequately prepare students
for the complexities of the 21st century [14]. A PjBL
approach, which emphasizes experimentation and
direct application, can serve as a powerful tool to
bridge this gap. As shown by [15], PjBL allows
students to engage in meaningful projects that
cultivate real-world skills and knowledge, thereby
enhancing their technological literacy from an early
age. Moreover, educators cannot overstate the urgency
of implementing technology-based education at the
primary level. As [14] shows, technology serves as a
vital tool for educators to convey complex concepts in
an accessible manner. By incorporating PjBL into the
curriculum, educators can create a learning
environment that not only enhances students’
understanding of technology but also equips them
with the skills necessary to navigate the challenges
posed by the Fourth Industrial Revolution [16].
Ultimately, fostering technological literacy through
project-based learning will empower students to
navigate and contribute to a rapidly evolving
technological landscape effectively, ensuring they are
well-prepared for the demands of the future [17], [18],
[19].
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The integration of Project-Based Learning (PjBL)
in elementary education, particularly in enhancing
technological literacy, has garnered significant
attention in recent educational research. PjBL is
recognized for its ability to provide students with
meaningful, context-rich learning experiences,
enabling them to engage in their education actively
[20], [21]. PjBL fosters a deeper understanding and
retention of knowledge by situating learning in real-
world contexts, thereby making it more relevant to
students [22]. This approach aligns with the findings
of [23], [24], who emphasize that structured learning
activities, when combined with preparatory work, can
significantly enhance learning outcomes. The hands-
on nature of PjBL, where students develop and operate
simple machines, not only cultivates technological
skills but also promotes critical thinking and problem-
solving abilities, essential competencies in today’s
digital age [25], [26].

To effectively assess the impact of PjBL on
students’ technological literacy, qualitative research
methods, including observation, interviews, and
documentation, will be employed. Content analysis
will serve as the primary analytical framework,
enabling a systematic examination of the collected
data. Content analysis is a robust method for
interpreting qualitative data, enabling researchers to
identify patterns and themes that emerge from the
participants”  experiences  [27], [28]. This
methodological approach is further supported by [27],
who assert that content analysis can provide valuable
insights into educational practices by isolating key
concepts and organizing them into coherent
frameworks. By using these qualitative methods, this
study aims to contribute to the development of
innovative technology-based curricula in elementary
education, offering educators a reference point for
implementing more interactive, contextually relevant
learning methods that resonate with students’
experiences and interests.

2. Methodology

This study employs a qualitative approach with a
PjBL framework to explore how technology literacy
and machine operation skills can be enhanced among
Generation Alpha students in elementary schools. The
research design follows an observational case
study model, where students engage in hands-on
science projects while being monitored through
structured data collection techniques [29]. This study
summarizes the overall research design, participants,
instruments, and data collection procedures in Table
1.
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Table 1. Structured overview of the research methodology applied

Component

Short and Clear Description

Research Design

Research Phase

Research Steps

Data Collection Instruments and skills.

Techniques

Testing and Data Analysis

Ethical and Scientific

Considerations children.

The implementation of Project-Based Learning
(PjBL) in this study shows that the project-based
approach not only improves students’ technological
literacy but also significantly develops simple
machine operational skills. Participatory observation
revealed that Generation Alpha students were able to
master the basic principles of Arduino programming,
sensors, and mechanics through hands-on
experimentation, which aligns with findings by [32],
[33], [34] on the effectiveness of contextual learning
in STEM. In addition, interviews with accompanying
teachers indicated that the PjBL structure, divided into
systematic stages (planning, prototyping, testing),
helped students overcome technical difficulties
collaboratively, reinforcing the finding that iterative
reflection in PjBL encourages more independent
problem-solving. However, challenges such as gaps in
technical understanding across groups and limitations
of tools need to be anticipated in follow-up studies, for
example, by providing more intensive teacher-training
modules [35]. These findings strengthen the
proposition that technology-based PjBL can serve as a
sustainable pedagogical framework for preparing
young generations to face the increasingly complex
challenges of digital literacy.
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Descriptive-exploratory; explore in depth the influence of PjBL on students’
technological literacy.
1) Pre-Project: Initial observation of students’ technology skills.
2) Implementation: Implementation of PjBL-based science projects.
3) Evaluation: Observation, interview, documentation.
1. Participant selection: 67 students (grade 6), divided into 7 groups, each
accompanied by 1 teacher.
2. Implementation of PjBL (5 stages):
- Problem Identification
- Collaborative Planning
- Prototype Development
- Testing and Iteration
- Presentation and Reflection
3. Data collection through observation, interviews, and documentation.
- Observations: Rubric assessment of involvement, collaboration, and technical

- Interviews: Semi-structured with teachers.

- Documentation: Project photos/videos, student journals, project reports [30].
- Pre-Post Test: Machine operation literacy (e.g., Arduino sensor function).

- Qualitative Analysis: Theme coding using NVivo.

- Validation: Member checking by teachers [31].

- Parental permission is obtained.

- The project is adjusted to a safe difficulty level for elementary school

- Data anonymity is maintained.

3. Results

This section presents the research findings and
provides a comprehensive discussion on how Project-
Based Learning (PjBL) transforms technological
literacy and enhances machine operation skills among
Generation Alpha in elementary school. The study
presents thematic results supported by qualitative data
from observations, interviews, and documentation.

3.1. Enhanced Machine Operation Skills through PjBL

The implementation of PjBL significantly
improved students’ abilities to operate simple
machines, particularly those involving basic
mechanical and electronic components such as
sensors, motors, and Arduino-based controllers.
Based on pre- and post-observation comparisons,
students demonstrated increased competence in
identifying machine parts and assembling components
presented in Figure 1.
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Figure 1. Components of student projects

The analysis used visual documentation of student
project parts from Figure 1 to evaluate the
development of machine operation skills in each
project. The analysis focused on the types of
technological components involved and the specific
operational competencies demonstrated by students
during project implementation.

The results demonstrate that each project type
enabled students to learn different technical skills,
including sensor calibration, motor control, and
renewable energy applications. The PjBL framework
provides students with a range of technological
experiences that enable them to work with multiple
mechanical and electronic systems. Table 2 presents a
systematic overview of skill enhancements in machine
operation across different project types.

Table 2. Observed improvements in machine operation skills per project type

Project Type

Key Components Involved

Skill Improvement Observed

Earthquake Detector

Arduino Goods-Moving Robot
Wind Power Generator
Automatic Water Tap/Dispenser
Automatic Cat Feeder

Attendance Machine RFID reader, LCD

Solar Plant Sprinkler

3.2. Increased Student Engagement and Collaboration

Observational data revealed a noticeable increase
in student engagement and teamwork throughout the
PjBL process. Students were more active in planning,
building, and testing their projects, with notable
improvements in:

- Peer-to-peer communication,
- Shared problem-solving,
- Brainstorming and iteration processes.

Supervising teachers noted that students developed
a stronger sense of ownership over their learning. One
teacher stated:

“Students became more responsible and
enthusiastic because they wanted their projects to
function properly. They were excited to show how the
machines work.”

TEM Journal = Volume 15 / Number 2 / 2026.

Vibration sensor, buzzer

DC motor, Arduino Uno, wheels
Propeller, turbine, multimeter
IR sensor, solenoid valve

Servo motor, timer module

Solar panel, relay switch

Sensor calibration, circuit wiring
Logical sequencing, motor control
Energy conversion understanding
Flow control, sensor integration
Mechanism timing, feeding logic

Identification systems, data
visualization

Renewable energy use, automated
watering

Table 3 shows that implementing Project-Based
Learning (PjBL) significantly increased student
engagement and motivation, both in the initial stages
and throughout the project. The high initial
enthusiasm developed into sustained motivation,
characterized by active participation, initiative in role-
sharing, solid collaboration, and pride in presenting
work. Data from observations, documentation, and
teacher interviews consistently confirmed that
students were not only cognitively but also
emotionally engaged, making learning more
meaningful and student-centered and encouraging the
development of a sense of responsibility and
leadership from an early age.
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Table 3. Student engagement and motivation

Observation

Implications for

Supporting

Sub-Aspect Summary Representative Quote Learning Documentation
Students showed ““They were eager to PiBL  sparks initial
. immediate excitement know what kind of Jo- P . Photo: Students
Initial Interest . - . curiosity and readiness - .
during the project machine they would brainstorming

Sustained
Motivation

Ownership of
Learning

Emotional
Investment

Teacher
Insight

introduction.

Consistent attendance
and active participation
throughout the project
phases.

Students took initiative
in project tasks without
waiting for the
teacher’s instructions.

Excitement and pride

are shown in
presenting finished
products.

Students demonstrated
responsibility and
enthusiasm.

build.”

“Even during break
time, some students
asked to continue
working on  their
projects.”

“They started
assigning roles on their
own and took care of
each other’s
progress.”

“They were so proud

explaining how their
machines work to
others.”

“Students became

more responsible and
enthusiastic  because
they wanted their
projects to function
properly.”

to learn.

Indicates high
engagement and
persistence.

Fosters independence
and leadership.
Deepens learning
through emotional
connection.

Confirms student-
centered impact of
PjBL.

Attendance logs;
project journals

Video of group
coordination

Student presentations
(recorded)

Interview transcript

3.3. Development of Critical Thinking and Problem-
Solving

Students actively engaged in:

— Diagnosing non-functional circuits,

Content analysis of interview transcripts identified key — Adjusting sensor sensitivity,

themes, including “increased critical thinking,” “design Modifying design plans after testing failures.
adaptation,” and “technical troubleshooting.”
Identify
Technical
Challenges
|
L L L
.@\ gglj_:j:;r Modify
Sensitivity Design Plans
( T Test @ Analyze Test
E;l Components & Results
P
Deep e
fecr 2 Optimize
@ Understanding [in S ﬁ?
of Electronic
Systems n Response !
I | |
_ &
Critical
@ Thinking
Skills
Iterative
@ Improvement

Figure 2. Engineering problem-solving techniques
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Figure 2 illustrates the flow of students’ critical
thinking and problem-solving development through
the process of identifying technical challenges in
Arduino-based projects. When students encounter
obstacles such as  malfunctioning  circuits,
inappropriate sensor sensitivity, or designs that fail
during testing, they are encouraged to diagnose
components, calibrate sensors, analyze test results,
and systematically implement improvements. This
process not only deepens their understanding of
electronic systems but also fosters critical thinking
skills through a cycle of evaluation and iterative

Thus, the troubleshooting and design-adaptation
experiences in PjBL provide authentic avenues for
students to learn to think like young engineers,
reflecting on, analyzing, and problem-solving to
address real-world problems.

The implementation of PjBL significantly
improved students’ abilities to operate simple
machines, particularly those involving basic
mechanical and electronic components such as
sensors, motors, and Arduino-based controllers.
Based on pre- and post-observation comparisons,
students demonstrated increased competence in

improvement. identifying machine parts and assembling
components, as shown in Figure 3.
|
1 1
| &2 Solar Panels | {@f Microcontrollers I
L 1
> Automatic G . o « Plant o= Attendance
EEE“ Li,te; -ralps I | =) Cat Feeders I | 858 Robots ﬁ Sprri"mlers I . De-;‘lr:‘;e: e I

Figure 3. Application of PjBL in technology projects

These iterative processes enhanced their analytical
thinking and fostered resilience in learning from
mistakes. This study presents a comprehensive
summary of students’ analytical thinking and
resilience indicators in Table 4. Table 4 confirms that
the iterative process in PjBL not only hones students’
technical skills but also fosters strong analytical
thinking and learning resilience. Through activities
such as diagnosing circuit faults, adjusting designs
after failed experiments, and repeatedly calibrating
sensors, students demonstrate logical, adaptive, and
reflective thinking skills. Observational evidence and
direct quotations reveal that students perceive failure
not as an obstacle, but as part of the learning process
that fosters a growth mindset. Thus, PjBL has proven
effective in cultivating a combination of cognitive
skills and resilient character traits that are essential for
developing technological literacy and readiness for
21st-century challenges.

TEM Journal = Volume 15 / Number 2 / 2026.

The results of this study also show that students’
analytical skills developed along with their increasing
confidence in  solving technical  problems
independently and collaboratively. Students were able
not only to identify the sources of errors but also to
explain the reasons for their improvements in terms of
the system’s logic. The reflection process documented
in learning journals increased metacognitive
awareness, as students began to understand how they
learned and corrected errors. Furthermore, the group
work dynamics strengthened technical
communication skills, as students had to convey ideas,
arguments, and solutions clearly to their teammates.
These findings demonstrate that PjBL plays a
significant role in integrating cognitive, social, and
emotional aspects in  developing a more
comprehensive technological literacy.
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Table 4. Analytical thinking and resilience in learning

Evidence of student

Supporting quote or

Sub-Theme llustrative activity Learning outcome .
engagement observation
Students identified . . . They rea’\hzed Fhe
Increased M ; . Diagnosing non- Enhanced logical LED wasn’t working
. logic gaps in their . : X
Critical I functional Arduino reasoning and problem because the code
L circuit and code . . A . .

Thinking connections circuits analysis skills missed a pin

definition.”
. Students revised the Modifying the design Improved adaptability We had to change the
Design - : . - pipe angle because the

. project structure after plan for a solar- and iterative design o,

Adaptation . . . water didn’t  flow

test failures powered sprinkler skills v

properly.
. Adjusting sensor Developed technical ““They learned how to
. Hands-on correction of e . - . . .
Technical . sensitivity in  the precision and trial- calibrate distance
. sensor behavior or . .

Troubleshooting . automatic attendance and-error problem sensors to avoid false

wiring errors ; . S

machine solving detection.

Iterative
Thinking

Students repeated test
cycles to refine project
outcomes

Students learned from

Multiple testing stages
for the earthquake
detector

: failure and Reflecting on what
el demonstrated went wrong and why
resilience

Fostered perseverance
and reflective learning

Encouraged emotional
resilience and learning
ownership

“They  were  not
frustrated—they tried
again until it worked.”

“Even if it failed the
first time, they were
excited to fix it.”

3.4. Evidence from Project Documentation

Photos, videos, and student journals documented
during the research support the qualitative data. For
example, journal entries reflected students’ reflections
on what worked and what did not work, offering
insights into their cognitive processing.

!FIH&L PROJECT SCIENCE (FPS) #16
e

kolah Dasar Islam Terpadu (SDIT) Al-Khawarizmi Tanah Grogot

Figure 4 shows students presenting their
earthquake detector prototype, explaining how
vibration triggers a buzzer alarm. This direct hands-on
experience solidified abstract scientific concepts and
turned them into a concrete understanding.

t_ 9 =" 9"

s K ST e
ROJECT SCIENCE (FPS) #16

; I::;x:irll:hm f.rp‘udu {SDITY Al-Khawarizmi Tanah Grogo

(b)

Figure 4. Student demonstration (a) student group demonstrates the goods-moving robot (b) a group of female students
demonstrating a solar plant waterer

In this study, 67 elementary school students were
organized into 7 groups, each supervised by a teacher,
to work on various technology projects, including
earthquake detectors and Arduino-based robots. This
hands-on approach provides empirical evidence of
PjBL’s effectiveness in enhancing students’
understanding of simple machine technology.
Teachers design relevant and engaging projects that
allow students to apply theoretical knowledge in
practical contexts.

1920

The results of this study align with those of [36],
who assert that project-based learning effectively
promotes students’ learning outcomes, including
creativity and problem-solving skills. Furthermore,
integrating technology education into the curriculum
is crucial, as it fosters technological literacy among
students and prepares them for future challenges in an
increasingly digital world [13], [37].

TEM Journal — Volume 15 / Number 2 / 2026.
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3.5. Implications for Early Technology Literacy

Development

The research findings underscore that PjBL is a

These results are consistent with [38] and [39],

which emphasize that experiential learning, especially

in STEM contexts,
essential for 21st-century learners.

highly effective pedagogical approach for fostering
early technological literacy in Generation Alpha.

By directly involving students in the construction
of functional prototypes, PjBL bridges the gap

between
application.

theoretical

knowledge

and practical

Table 5. Implications of PjBL for early technological literacy in Generation Alpha

cultivates transferable skills

Sub-Theme Description Observed outcomes :Er:]j:ﬁ?:t?gr?l Sllijt[;?gg'rr;g
Students applied Better understanding icr::tj;”rcaﬂum hazg(s)fjc!g
Bridging Theory | science concepts to of sensor functions, g .
. - . . . STEM projects to [38]
and Practice real-life projects like circuits, and reinforce  theoretical
sensors and robotics automation learning
Encourages early
Earlv Skill Introduction to tools Familiarity with  exposure to
For%ation and programming at Arduino, flowcharts, computational [39]
the elementary level and basic coding logic  thinking and digital
fluency
SHIEEnE Teachers can utilize
demonstrated Increased classroom PIBL  to  improve
Motivation and | enthusiasm when participation, | éarnin moti\fation [40], [41]
Engagement building and excitement in g - '
: .o . and reduce passive
presenting functioning  problem-solving learning habits
prototypes g
(?c?rlr:?nbl?r:?égt)inc;n and Students  negotiated PjBL supports holistic
Transferable 21st- - ' tasks, shared tools, student development,
resilience were [41]

Century Skills

Ownership and
Responsibility

Contextualized
Learning

Equity and
Inclusion
Potential

Foundation for
Stem Career
Interests

Table 5

strengthening

TEM Journal = Volume 15 / Number 2 / 2026.

summarizes

early

observed throughout
project iterations
Learners took
initiative to
troubleshoot and
improve their designs
independently
Projects like
automatic feeders or
earthquake detectors
relate to everyday life
and environment

All students,
regardless of prior
knowledge,
contributed
meaningfully in group
projects

Students showed
curiosity about how
machines and coding
work

the

technological

implications  of
implementing Project-Based Learning (PjBL) for
literacy in
Generation Alpha, encompassing cognitive, affective,
and social aspects.

and solved problems
together

Sense of pride and
accountability for
project success

Students understood
the  relevance  of
technology in solving
real-life problems

Differentiated
learning seen through
role distribution and
peer tutoring

Some students
expressed interest in
“becoming engineers”
or “robot makers”

preparing them for
real-world challenges

Student-centered
learning models
empower young
learners to own their
educational journey

Real-world  project
contexts make
learning more
meaningful and
sustainable

PjBL can bridge gaps
in digital equity when

implemented
inclusively

Early positive
experiences with tech
may shape future
STEM career
pathways

Field Interviews

Observational Data

Reflective Teacher
Notes

Post-Project
Reflections

Findings indicate that student engagement in
contextual and collaborative projects not only bridges
theory and practice but also fosters motivation, a sense
of responsibility, and 21st-century skills.

1921



TEM Journal. Volume 15, Issue 2, pages 1914-1926, ISSN 2217-8309, DOI: 10.18421/TEM152-80, May 2026.

Overall, Table 5 confirms that PjBL has the
potential to be an inclusive and sustainable
pedagogical strategy for building a foundation for
technological literacy and STEM interest in
elementary education.

4, Discussion

The findings of this study demonstrate that Project-
Based Learning significantly contributes to the
development of technological literacy in elementary
school students, particularly in enhancing their ability
to operate simple machines. Prior research highlights
that PjBL fosters active engagement, deepens
conceptual understanding, and improves technical
competencies [42].

4.1. Project-Based Learning and Technological Skill
Development

Project-Based Learning (PjBL) is an instructional
approach that actively engages students and fosters the
development of skills and knowledge by addressing
real-world problems or scenarios [43]. The systematic
modeling and application of an innovation process in
project-based learning can significantly enhance
student engagement, motivation, and future
employability [44]. The hands-on nature of PjBL
provides students with practical experiences that are
crucial for solidifying their understanding and
preparing them for real-world challenges [43].

Hands-on activities within PjBL contexts allow
students to understand and apply knowledge
effectively, bridging the gap between theoretical
concepts and practical implementation [43]. The
integration of STEAM (Science, Technology,
Engineering, Art, and Mathematics) into PjBL
provides students with a valuable opportunity to apply
the topics they have studied in a tangible and
meaningful way [45], [46]. Project-based learning
engages students in solving real-world problems by
creating innovative works, thereby fostering their
creativity and problem-solving abilities [35].

PJBL provides positive experiences for students,
including skill acquisition, performance
improvements, and enhanced perception of their
abilities [47]. These positive experiences extend to the
acquisition of specific skills [18], such as designing
and assembling sailboats, which provide students with
practical, hands-on experience [47]. Students also
reported feeling that PjBL could help them complete
work and practice their skills, fostering a sense of
accomplishment and self-efficacy [47], [48].

1922

4.2. Collaboration and Critical Thinking as Core
Outcomes

Another salient finding is the increased
collaboration among students. The group-based nature
of the projects stimulated communication,
negotiation, and collective problem-solving. As noted
in [22], collaborative project environments lead
students to “engage more deeply with content,
especially when tasks require interdependence and
shared accountability.” Interviews with teachers
echoed this perspective, affirming that students were
more motivated and invested in their group outcomes
[46], [49].

In addition to collaboration, students exhibited
enhanced critical thinking and metacognitive
awareness. The iterative process of prototyping,
testing, and debugging fostered resilience and
adaptive thinking [50], [51]. Ill-structured problems in
Project-based Learning (PjBL) encourage students to
think more deeply, evaluate themselves, and develop
strategies, thereby enhancing higher-order thinking
skills [52], [53].

4.3. Relevance to Generation Alpha’s Learning Needs

The emphasis on machine operation reflects the
competencies that Generation Alpha needs, with
children growing up in a digital-first world expected
to interface naturally with innovative technologies.
Preparing students for future careers requires
embedding 21st-century skills such as digital literacy
and problem-solving into everyday classroom practice
[6], [54], [55]. Through PjBL, students not only learn
about technology but also with technology, thus
integrating it as a natural extension of their learning
toolkit [56].

The technology-integrated PjBL approach directly
addresses Generation Alpha’s unique learning profile
as digital natives who require immersive, interactive
educational experiences. This generation
demonstrates an innate ability to process information
through digital interfaces, making hands-on tech
projects, such as Arduino robotics, particularly
effective  for  developing both  conceptual
understanding and practical skills [1]. The OECD’s
research confirms that project-based methodologies
align with how Generation Alpha naturally acquires
knowledge through doing, experimenting, and
collaborating [22]. Digital literacy development
through PjBL, as emphasized by [12], becomes
particularly crucial as these skills transition from
being advantageous to essential in  the
workforce. STEM-PjBL and STEM-integrated PjBL
meta-analyses report high effects on critical, creative,
and higher-order thinking skills, aligning them with
21st-century workforce needs [7], [57].
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4.4. PjBL as a Pedagogical Strategy for Early STEM
Education

This study further validates the notion that PjBL is
not exclusive to secondary or tertiary education. When
scaffolded appropriately, it can be adapted
successfully for elementary learners. Literature
supports this, with [58] noting that “well-designed
PjBL experiences in the early years can lay a strong
foundation for STEM career pathways.” The age-
appropriate complexity of the projects, along with
teacher guidance, allowed students to safely and
meaningfully engage with technologies typically
introduced later in education [15], [59], [60].

Building upon these findings, recent studies
emphasize that early exposure to PjBL in STEM
education significantly enhances cognitive flexibility
and technological adaptability among young learners.
According to [34], the use of stems increased the
average completeness of student learning outcomes
from 21% to 79%. Other studies show that hands-on
STEM activities (robotics, PjBL projects, STEM
camps) improve achievement, HOTS, motivation, and
interest in STEM careers [61]. This study aligns with
the observation that Arduino-based projects and
simple automation tools effectively demystify
complex concepts through tactile experience and
bridge the concrete-abstract continuum most
effectively when educators initiate them before
adolescence The success of these interventions
challenges conventional curriculum sequencing,
suggesting that with proper safety protocols and
modular design (pre-assembled microcontroller
components), elementary PjBL can accelerate
technological literacy without overwhelming learners,
a critical consideration for Indonesia’s evolving
STEM curriculum framework.

In line with these findings, integrating innovative
technology into learning also shows great potential to
strengthen the effectiveness of project-based
approaches from an early age. The use of Al-
optimized YouTube videos in Islamic Religious
Education demonstrated that adaptive, contextually
designed digital content can significantly improve
student learning outcomes, particularly when the
learning emphasizes active, meaningful experiences
[62]. These findings are relevant to this study, which
shows that students’ hands-on involvement in
Arduino projects and simple automation fostered
deeper conceptual understanding. Furthermore,
studies on Al-based personalized learning and
adaptive assessment emphasize that technology plays
a crucial role in supporting learning differentiation
and strengthening student independence.
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In line with this, studies on the development of
Arduino-based ultrasonic smart glasses demonstrate
that simple microcontroller systems can solve real-
world problems, reinforcing the idea that practical
Arduino projects build technical skills while fostering
problem-solving  awareness and  contextual
technological literacy from an early age [63]. When
combined, the Project-Based Learning (PjBL)
approach and adaptive technology support have the
potential not only to improve technological literacy
but also to create a learning ecosystem responsive to
students’ individual needs. Thus, the results of this
study strengthen the argument that educators should
view pedagogical transformation through both
Project-Based Learning (PjBL) and Al-based
technology as a complementary strategy to prepare a
young generation of Indonesians who are adaptive,
critical, and ready to face the challenges of education
in the digital era.

5. Conclusion

This research demonstrates that the application of
Project-Based Learning (PjBL) in science learning in
elementary schools can transform  students’
technological literacy, particularly by improving
simple machine operation skills among Generation
Alpha. As expected in the introduction, PjBL proved
effective not only in improving students’ technical
understanding but also in developing critical thinking,
collaboration, and problem-solving skills.
Observations and interviews showed that students
were more enthusiastic, responsible, and took
ownership of their learning process. These findings
reinforce the idea that PjBL can be a strategic approach
for equipping students early on to face the challenges
of the technology-based 21st century. Future research
can extend this study by examining the long-term
impact of PjBL on students’ interest in STEM fields
and by exploring its implementation across various
educational contexts to ensure equitable access to
meaningful technology learning.

Overall, this study confirms that Project-Based
Learning (PjBL) is a relevant and practical learning
approach to meet the needs of science learning in
elementary schools in the Alpha Generation era. Key
findings show that student involvement in simple
technology-based projects not only improves
technology literacy but also fosters an active attitude,
curiosity, and critical and collaborative thinking skills.
Learning is no longer centered on memorizing
concepts, but rather on meaningful learning
experiences that allow students to understand how
technology works through hands-on exploration and
real-world problem-solving.
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The implications of this research are important for
the development of basic education practices,
particularly in the design of science and STEM
learning. Educators can use PjBL as a pedagogical
strategy to foster students’ readiness to meet the
challenges of the 21st century, especially by laying the
foundation for technological literacy from an early age.
For teachers and education policymakers, the results of
this study suggest that project-based learning can
improve the quality of the learning process while
fostering  positive  character traits such as
responsibility, independence, and cooperation. Thus,
integrating PjBL into the primary school curriculum
has the potential to strengthen a more contextually
grounded, future-skills-oriented transformation of
learning.

However, this study still has limitations, including
the scope of the school context and the relatively short
duration of PjBL implementation. Therefore, future
studies should explore the long-term impact of PjBL
on students’ interest in STEM fields and examine its
implementation across diverse school contexts with
varying resource conditions. Follow-up research can
also examine teacher training and support, as well as
sustainable implementation strategies, to make project-
based learning more equitable and inclusive across
various educational contexts.
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