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Abstract— This study compares two independent educational
interventions in Panama designed to foster entrepreneurial
competencies through sustainability challenges, active learning, and
digital fabrication. The first, implemented with final-year industrial
engineering students, involved designing sustainable products from
recycled HDPE while integrating flipped and mirror classroom
strategies, circular economy principles, and green entrepreneurship.
The second engaged secondary school students from public
institutions through Design Thinking, challenge-based learning,
and CAD/CAM training to address local sustainability issues aligned
with the UN Sustainable Development Goals. Both interventions
employed pre- and post-assessment instruments to evaluate learning
outcomes. In higher education, knowledge acquisition and key
competencies such as collaboration, strategic thinking, and
contextualization demonstrated large to medium effect sizes
(Cohen’s d = 0.90 and 0.74). In secondary education, all
competencies, including teamwork, innovation, sustainability
awareness, and technical skills, showed large effects (d > 0.8).
Together, these findings highlight the effectiveness of integrating
active methodologies and digital fabrication in promoting
sustainability-oriented entrepreneurship across educational levels.

Keywords-- Entrepreneurial competencies, green
entrepreneurship, sustainable digital fabrication, Design Thinking,
active methodologies

1. INTRODUCTION

Entrepreneurship education, particularly when integrated
with sustainable innovation, has gained increasing attention
across all educational levels. In both higher education and
secondary schooling, equipping students with entrepreneurial
competencies is now seen as essential for fostering innovation
and addressing global sustainability challenges [1], [2], [3], [4].

Sustainable entrepreneurship is considered a critical
competency in higher education, particularly for engineering
programs, influencing students’ entrepreneurial intentions and
enhancing their ability to contribute to the Sustainable
Development Goals (SDGs) through innovative practices [5].

The engineering curricula must adapt to the labor market.
The Technology Innovation and Engineering Education (TIEE)
model, for instance, highlights the need to restructure academic
programs to foster entrepreneurship and socio-economic
sustainability [6], [7], [8].

In secondary education, entrepreneurship acts as an early
driver for developing competencies aligned with sustainability.
For example, controlled trials with school-aged students have
shown that sustainable entrepreneurship education (SEE)
significantly enhances entrepreneurial intention and its key
antecedents, attitude, subjective norm, and perceived
behavioral control, based on the Theory of Planned Behavior,
with consistent effects observed across genders [9]. These
findings support the integration of entrepreneurship not as an
extracurricular activity but as a transversal competency
embedded within the school curriculum. Moreover,
entrepreneurship education in this context bridges science,
society, and market demands, fostering creative problem-
solving and ethical awareness through active methodologies
such as Design Thinking (DT) [10]. However, realizing its full
potential requires enabling conditions, including infrastructure,
teacher training, alignment with public policy, and contextual
relevance, as implementation gaps still persist in many
educational systems [11], [12], [13].

Thus, the intersection of entrepreneurship education and
sustainable innovation is pivotal in shaping the future
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workforce. By embedding entrepreneurial principles into higher
and secondary education, institutions can cultivate a generation
of innovators equipped to tackle complex global challenges.
Developing  curricula  that  emphasize sustainable
entrepreneurship is crucial to achieving these goals.

The integration of digital fabrication and active
methodologies in education has gained significant attention in
recent years [14], [15], [16], [17], [18]. However, there remains
a notable lack of comparative studies that evaluate independent
interventions across different educational levels. This gap is
particularly concerning given the potential of digital fabrication
to enhance learning experiences and outcomes.

Digital fabrication, which encompasses technologies such
as 3D printing and CNC machining, offers unique opportunities
for hands-on learning and creativity [16], [18], [19]. It enables
students to design and produce tangible artifacts, fostering skills
relevant to today’s technology-driven world. [20]. Despite these
advantages, research indicates that the pedagogical approaches
to digital fabrication vary widely across educational levels [21].

Affective learning, which emphasizes emotional
engagement in the learning process, is another critical aspect
that has been explored in the context of digital education.
Integrating digital fabrication with active methodologies can
enhance both cognitive and affective learning outcomes [22].
However, the lack of comparative studies limits understanding
across education levels and contexts.

Moreover, the challenges faced by educators in
implementing digital fabrication technologies are often
underreported. Research highlights that teachers encounter
various impediments, including a lack of familiarity with digital
tools and the need for professional development to integrate
these technologies into their teaching practices effectively [23].
This suggests that without targeted support and training, the
benefits of digital fabrication may not be fully realized in
primary and secondary education.

While the promise of digital fabrication and active
methodologies in education is evident, the absence of
comparative studies across different educational levels limits
the understanding of their effectiveness. Future research should
address this gap, offering insights to guide best practices and
enhance education at all levels.

The main goal of this work is to understand how different
educational settings can help students build an entrepreneurial
mindset while addressing real sustainability challenges.
Specifically, the aim is to see whether combining active
learning strategies with digital fabrication and circular economy
principles could create meaningful changes in how students
think, collaborate, and solve problems.

This research offers a fresh perspective on how
entrepreneurship can be nurtured in university and high school
environments without requiring a traditional business or startup
framework. Instead, it shows that entreprencurship starts with
mindset: the ability to see opportunities, design sustainable
solutions, and work creatively with limited resources.

By bringing together the use of virgin and recycled
materials, such as recycled high-density polyethylene (HDPE),
digital fabrication, and hands-on problem-solving, the study
bridges technical education with green innovation principles,
such as the circular economy, while addressing problems from
a perspective aligned with the SDGs. It contributes to the
growing conversation on how circular economy principles can
move beyond industry and become a foundation for
entrepreneurial learning. It shows that sustainability-driven
entrepreneurship can start early, empowering students as
changemakers for social and environmental good.

II. THEORETICAL BACKGROUND

Entrepreneurial competencies encompass the skills,
knowledge, and attitudes that enable effective entrepreneurial
action. They are increasingly valued in both higher and
secondary education, especially in engineering, for enhancing
employability, driving innovation, and supporting economic
growth. In the context of engineering higher education,
entrepreneurial competencies encompass a range of skills,
including problem-solving, creativity, critical thinking, and
effective communication. As found by Tsalapatas et al. [24]
there is a need for engineering education to modernize and align
with labor market demands by integrating active learning
approaches that promote these competencies. Students must not
only acquire theoretical knowledge but also develop transversal
skills that are crucial for navigating the complexities of the
modern workforce.

Moreover, the implementation of Education 4.0 in
engineering curricula has been shown to impact students'
perceptions of their competencies significantly. Beke and Tick
[25] surveyed engineering students and found that those in
problem-based learning (PbL) showed stronger self-
management and teamwork, key skills for entrepreneurial
success and for integrating soft skills into technical education.

In secondary education, the development of entrepreneurial
competencies is equally critical, marking them as essential
competencies. Valero [26], for instance, highlights barriers in
engineering education reform and calls for a competency-based
approach that develops personal and professional skills early
on. Integrating entrepreneurship into secondary curricula helps
build an innovation- and problem-solving-oriented mindset
essential for future success. They enhance employability, drive
innovation, and strengthen economic adaptability. Their
integration into curricula is crucial to prepare students for an
increasingly complex and dynamic world.

Moreover, active learning methodologies are key to
fostering entrepreneurial competencies in higher and secondary
education. They promote engagement through experiential
learning, collaboration, and problem-solving, skills essential
for entreprencurship. Research indicates that active learning
strategies, such as PbL and DT, significantly enhance students'
deep learning and retention of knowledge [27], [28]. In
engineering education, integrating active learning not only
cultivates entrepreneurial skills but also prepares students to
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tackle real-world challenges, thereby bridging the gap between
theoretical knowledge and practical application [29].

Furthermore, the implementation of active learning in
secondary education has shown to nurture early entrepreneurial
mindsets, aligning with the SDGs [30], [31]. Besides, by
engaging students in empathy-driven ideation and low-cost
prototyping, these methodologies promote critical thinking and
innovation, essential traits for future entrepreneurs [32], [33].
The positive outcomes of such educational interventions
underscore the importance of incorporating active learning
strategies across diverse educational settings, ultimately
contributing to a more entrepreneurial and sustainable future
[34], [35]. Recently, the intersection of digital fabrication,
circular economy principles, and green entrepreneurship has
gained significant attention in educational contexts. This
convergence addresses pressing environmental challenges and
fosters innovative thinking among students, preparing them for
a sustainable future, as can be observed in the following lines.
Digital Fabrication and the Circular Economy

Digital fabrication refers to the use of digital technologies
to create physical objects, enabling precise control over the
manufacturing process. This approach aligns well with the
principles of the circular economy, which emphasizes resource
efficiency, waste reduction, and the sustainable use of materials
[36]. Their intehration into curricula allows students to design
products that are functional, circular, and sustainable.
HDPE Recycling in Educational Settings

HDPE, one of the most recycled plastics, is ideal for
sustainability-focused educational projects. Students can
collect, process, and repurpose HDPE waste into new products,
gaining practical knowledge of material properties and
recycling while fostering environmental responsibility [37]. For
example, students might design and fabricate furniture or tools
from recycled HDPE, thereby applying their engineering skills
in a context that promotes sustainability. They learn technical
aspects of fabrication and the principles of sustainability [38].
Green Entrepreneurship

Green entrepreneurship is gaining prominence in
education, especially in higher education. Programs centered on
this concept encourage students to develop business ideas that
prioritize environmental sustainability. Studies show that self-
efficacy and commitment to green practices strongly influence
students’ intentions to pursue sustainable ventures [39]. By
incorporating green entrepreneurship into the curricula,
educational institutions can nurture a new generation of
entrepreneurs who are not only innovative but also
environmentally conscious.
Examples in Education

Educational institutions increasingly recognize the value of
integrating sustainability and entrepreneurship into their
curricula. Universities, for example, are offering courses that
combine digital fabrication with sustainability principles,
enabling students to explore material lifecycles and
environmental impact. Likewise, secondary schools can
introduce sustainability and entreprencurship through projects

using recycled materials [40]. These initiatives enhance
students' technical skills and promote a culture of
environmental awareness and responsibility.

This integration of digital fabrication, circular economy
principles, and green entrepreneurship in education presents a
unique opportunity to prepare students for the challenges of the
future. Students can gain valuable skills while contributing to a
more sustainable world. As educational institutions evolve, the
incorporation of these concepts will be crucial in fostering
innovation and environmental stewardship among future
generations.

Moreover, assessment of learning and competencies is a
critical aspect of educational research. This assessment often
employs various methodologies, including pre-/post-testing and
self-assessment, to evaluate the effectiveness of educational
interventions. A key statistical measure used in this context is
Cohen's d, which quantifies the effect size of an intervention,
providing insight into its practical significance.

Pre/Post Testing

Pre/post-testing are widely used methods to measure the
impact of educational interventions. In this approach, students'
knowledge or skills are assessed before (pre-test) and after
(post-test) the intervention. For instance, a study at Nanyang
Technological University found that virtual reality (VR)
learning games improved engineering students’ post-test scores
by approximately 24.8%, demonstrating the effectiveness of
VR in enhancing learning outcomes [41].

In secondary education, a pre-/post-test study on skills-
based learning materials for English 9 reported a large effect
size (Cohen’s d = 1.16), indicating significant performance
gains compared to a control group [42]. This highlights the
effectiveness of pre-/post-testing in measuring learning
outcomes from specific educational strategies.
Self-Assessment

Self-assessment is another valuable tool in evaluating
learning and competencies. It encourages students to reflect on
their understanding and skills, fostering metacognitive
awareness. In a study exploring STEM self-efficacy among
South African students, self-assessment data collected before
and after a non-formal learning experience indicated significant
increases in self-efficacy related to conceptual understanding
[43]. This highlights the role of self-assessment in promoting
student engagement and ownership of their learning process.
Cohen’s d for Effect Size

Cohen's d is a widely recognized measure of effect size that
quantifies the difference between two means in standard
deviation units. It is particularly advantageous in educational
research to assess the magnitude of an intervention's impact.
For instance, in a study examining the use of Virtual Reality
(VR) training for enhancing spatial visualization skills among
engineering students, Cohen's d values ranged from small
(0.10) to very large (2.40), indicating significant effects of task
load and spatial characteristics on learning outcomes [44]. This
suggests that VR training can substantially improve students'
spatial skills, which are crucial in engineering disciplines.
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However, it is essential to consider the limitations of
Cohen's d. While it provides a standardized measure of effect
size, it may not capture the full complexity of educational
interventions. Researchers are encouraged to complement
Cohen's d with other effect size statistics to provide a more
comprehensive understanding of their findings [45].

In summary, the assessment of learning and competencies
through pre-/post-testing and self-assessment, coupled with the
application of Cohen's d for effect size, offers valuable insights
into the effectiveness of educational interventions. These
methodologies are relevant in engineering higher education and
secondary education, where understanding the impact of
teaching strategies is crucial for continuous improvement.

III. METHODOLOGY

This study follows a comparative case analysis approach,
looking at two separate educational interventions designed
independently but with a shared goal: to strengthen students’
entrepreneurial thinking through sustainability challenges,
digital fabrication, and active learning. Each case reflects the
unique context and level of education, one in higher education
and the other in secondary school, allowing us to observe how
similar goals take shape differently across learning
environments.

A. Case Study A: Higher Education
Module Overview

The Module for Production and Sustainability Systems
(MPPS) was developed for final-year Industrial Engineering
students at the Technological University of Panama. The goal
was to give students hands-on experience designing sustainable
products while applying what they had learned throughout their
degree. Over one semester, students explored real-world
sustainability challenges, worked in teams, and used recycled
HDPE to prototype their own solutions [46].

To create an engaging learning environment, the module
used two innovative teaching strategies: the flipped classroom
and the mirror classroom. Instead of relying on lectures,
students alternated between self-paced online study and
collaborative group work. Through the mirror classroom setup,
instructors could connect with students across different
campuses in real time using video conferencing, helping make
the experience more inclusive and flexible.

Participant Selection

Eight students were selected based on an open application
and interview process in the first cohort while twelve students
were selected in the second cohort. All participants were in their
final semester and completed foundational courses like Project
Management, Quality Control, and Manufacturing Processes.
The group included students from three regional campuses to
encourage diversity in perspectives and experiences.

Learning Activities and Project Work

Students started with online sessions and creative
teamwork to understand sustainability and user-centered
design. Working in small teams, they used Design Thinking to

guide their process, from empathizing with users to defining
problems, brainstorming ideas, and building early prototypes.

The highlight of the module was a one-week hands-on
workshop, where students brought their ideas to life using
recycled HDPE. They set up a small-scale production line with
five stages: sorting and cleaning plastic waste, extruding
filament, 3D printing, and final post-processing. The
experience wasn’t just technical; it required teamwork, critical
thinking, and adapting designs to meet both sustainability goals
and user needs.

Throughout the course, students received ongoing
feedback from instructors in agile-style check-ins. At the end,
they presented their prototypes and reflected on both the
process and their personal growth as future engineers and
problem-solvers.

Evaluation instruments

To determine the approach for assessing competencies, the
systematic review of [47] served as a reference. Consequently,
the questionnaires were administered using time triangulation,
incorporating both pre- and post-questionnaires. This occurred
before the commencement of the module. Two questionnaires
were used: one aimed at gauging knowledge across the five
courses of the module and another focused-on measuring
competencies through self-assessment before the module
began. The questionnaire, designed to assess prior knowledge,
included three general questions for the students and twenty
questions about essential understanding of the five subject areas
within the module. The self-assessment questionnaire featured
three general questions and thirty questions associated with the
following competencies for sustainability: integrated problem-
solving, interdisciplinary collaboration, normative expertise,
self-awareness, strategic  thinking, impact assessment/
forecasting, and critical thinking. A five-point Likert scale was
employed.

Additionally, questionnaires were supplemented with
interviews to enhance the study's validity. For this purpose, an
open feedback session was conducted with the student
participants after the module. During this session, five
questions were posed to the students to gather their insights on
the module. Furthermore, two post-questionnaires were
administered following the module's completion.

B. Case Study B (Secondary Education):

Program description in public schools

The secondary education program aimed at fostering
innovation and sustainability competencies among students and
teachers in two public schools in Panama Oeste, Panama. The
program introduced Design Thinking (DT) as a structured
problem-solving methodology, aligned with project-based and
challenge-based learning approaches, to help students identify
local community issues, ideate sustainable solutions, and
develop basic prototypes.

To strengthen the connection between creativity and
practical skills, the program integrated elements of digital
fabrication and Industry 4.0, including exposure to CAD
design, CAM preparation, and additive manufacturing. The
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creation of an Ideas and Innovation Laboratory (L2I) in each
school provided the physical and technological infrastructure to
support ideation, hands-on experimentation, and prototyping
activities.
Participants selection

Participants were recruited directly by teachers at each
school, prioritizing students with high motivation and
availability to complete the entire program, while trying to
maintain gender equality. In the first school, students from 8th
and 9th grade participated in a weekly 1.5-hour morning session
before their regular classes. A slight majority of participants
were girls, though gender balance was encouraged. For the
second school, students from 10th and 11th grade attended 3-
hour Saturday workshops to accommodate both morning and
afternoon shifts. Selection criteria also considered gender
balance and continuity throughout the program’s duration. All
participants signed informed consent forms, and teachers from
both schools were trained to replicate and support the activities.
Learning Activities and Project Work

The program followed a progressive learning sequence that
introduced sustainability, creativity, and technical skills before
engaging students in Design Thinking projects:

e Foundational Modules: Students began with
workshops on sustainability, the SDGs, local problem
identification, innovation concepts, and basic
scientific  research. These sessions included
brainstorming exercises, problem mapping, and
exposure to circular economy concepts, linking school
projects to real-world challenges.

e Design Thinking Implementation: Students applied
the five DT stages (empathize, define, ideate,
prototype, test) to identify community-relevant issues
and develop potential solutions. Teachers facilitated
empathy-based exercises, idea generation sessions,
and group discussions to guide problem definition.

e Prototyping and Digital Skills: Students learned
introductory CAD design and 3D printing (FFF and
digital light processing technologies) to create low-
cost prototypes of their solutions. Activities included
collaborative model design, manual post-processing,
and iterative improvements based on peer feedback.

e Project Presentation and Reflection: Each student
team presented their final prototypes or conceptual
solutions, reflecting on teamwork, creativity,
sustainability awareness, and technical skills gained.
This step also prepared participants to connect their
school experience with broader community impact.

Evaluation instruments

A mixed-methods approach was applied, combining a
structured pre-/post-student survey with qualitative classroom
evidence to assess competency development and triangulate the
results.

e Student Pre/Post Survey (Competencies
Questionnaire). The survey instrument was designed

to capture self-reported changes in transversal and
technical competencies across four dimensions:

A. Teamwork & Problem Solving: Items
addressed collaboration comfort, decision-making,
and problem identification or solution generation, with
paired before/after prompts on 4-point Likert scales
(Very comfortable to Uncomfortable; Very easy to
Difficult).

B. Creativity: Items assessed idea generation,
iterative improvement based on feedback, and the
ability to integrate knowledge from DT, CAD, and
additive manufacturing (AM). Iteration frequency
used categorical anchors (Always to Never).

C. Items evaluated the ability to identify local
problems linked to the SDGs, propose sustainable
solutions, and the motivation to adopt sustainable
behaviors.

D. Technical Competencies (CAD/CAM/FFF).
Items captured prior exposure to 3D design and post-
intervention self-efficacy in CAD modeling, model
preparation/slicing (CAM), and 3D printer operation
(FFF).

Each item was presented in a “Before the project” and
“After the project” format to enable paired measurement of
change. Composite scores were calculated per dimension, and
differences between pre- and post-results were summarized
using Cohen’s d to indicate practical significance. The
proportion of students who improved by at least one response
category (such as, from Regular to Comfortable/Secure) was
also tracked for descriptive interpretation.

Qualitative evidence was collected during workshops and
teacher-facilitated sessions, including focus group discussions,
guided reflections, classroom artifacts (post-its, DT canvases),
photographic records, and attendance logs. These materials
provided contextual insight into engagement, teamwork
dynamics, and transfer of skills from ideation to CAD/AM
prototyping and were used to triangulate the quantitative
findings.

Participation was voluntary and based on informed consent
signed by parents or legal guardians. Confidentiality was
ensured throughout, student identities were anonymized in all
outputs, and data were stored securely under the supervision of
the principal investigator following institutional ethics
requirements.

IV. RESULTS

A. Case Study A

Diagnostic Test

Two cohorts of students participated in the training
program. For both groups, a diagnostic test was conducted
before and after the program to measure changes in their
understanding of the subject. Tables I and II show the difference
in scores (post-test minus pre-test) for each cohort, allowing us
to see whether there was an improvement in their level of
knowledge after completing the program.
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TABLE III
EVALUATION OF COMPETENCIES

TABLEI
DIFFERENCE IN SCORES BEFORE AND AFTER First Cohort Second Cohort
First Cohort Competency - 0 + - 0 +
Student Difference

S1 3 Cl1 1 0 6 3 0 9

S2 12 C2 5 1 1 3 1 8

S3 1 C3 2 2 3 3 0 9

S4 1 Cc4 5 0 2 3 0 9

SZ '01 Cs 5 0 2 3 1 8

S7 1 C6 1 2 4 3 0 9

S8 7 C7 1 1 5 1 3 8
TABLE I For the second cohort, about two-thirds of the students
DIFFERENCE IN SCORES BEFORE AND AFTER showed consistent improvement in their competencies after
Second Cohort completing the program. This progress can largely be credited
Student Difference to the lessons learned from the first group. We brought the
S1 2 initial cohort together for a feedback session to hear about their
S2 2 experience, which gave us valuable insights to adjust the way
:i '11 the content was delivered and how knowledge was managed.
S5 1 These changes helped create a smoother, more balanced
S6 3 learning experience for the second cohort. The facilitators
S7 6 incorporated this feedback directly into the updated program

S8 0 content.

58190 ? To measure competency development, Cohen’s d statistic
11 > was used to determine the effect of the intervention. Fig. 1
S12 1 summarizes the values obtained for each cohort. Overall, the

In both cohorts, we observed an overall increase in
participants’ scores, indicating that the program had a clear
impact on their level of knowledge. In the first cohort, 75% of
the students (6 out of 8) achieved higher scores compared to
their initial assessment, while in the second cohort, 83.3% (10
out of 12) improved their results from the pre-test. These
findings suggest a consistent learning process, as in both groups
a large majority of students showed measurable gains in
knowledge, exceeding three-quarters of the participants in each
case.

To measure the effect of the intervention, we used Cohen’s
d statistics. For the first cohort, the effect size was 0.90, which
is considered large, meaning the program significantly
enhanced students’ knowledge. In the second cohort, the effect
size was 0.74, which falls within the medium-to-high range,
again indicating a substantial impact of the training on
participants’ learning outcomes.

Self-Assessment

To evaluate competency development before and after the
program, we used an instrument that measured seven key
competencies. Table III summarizes the number of students
who improved their scores (+), maintained them (0), or showed
a decrease (-) across each competency. The competencies
assessed  were  integrated  problem-solving  (Cl),
interdisciplinary collaboration (C2), critical thinking (C3),
normative expertise (C4), self-awareness (C5), strategic
thinking (C6), impact assessment/ forecasting (C7)

first cohort showed greater variability in effect sizes, indicating
that the intervention’s impact on competency development
varied significantly across evaluated competencies. In contrast,
the second cohort displayed less variation in Cohen’s d values
across the assessed competencies, suggesting a more consistent
effect.

Specifically, in the first cohort, three competencies:
interdisciplinary collaboration, strategic thinking, and impact
assessment/ forecasting, achieved values above 0.8, which
indicates a strong effect of the intervention and significant
improvement among participants. The remaining competencies
scored below 0.5, suggesting smaller gains with a lower overall
impact.

At the end of the first cohort, a feedback session was held,
which allowed the team to implement adjustments and
improvements to the program. These refinements led to
different outcomes in the second cohort. For this new group, the
effect was moderately high for competencies such as
interdisciplinary collaboration, critical thinking, normative
expertise, self-awareness, and strategic thinking. On the other
hand, integrated problem-solving and impact assessment/
forecasting, registered lower effect sizes according to Cohen’s
d.
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Cohort 1
—— Cohort 2

C1

Cé

Fig. 1: Cohen’s Value by Assessed Competency.

B. Case Study B

To evaluate the effectiveness of the intervention, a pre-
experimental pretest-posttest design was applied, targeting
secondary school students across various grade levels (7th to
12th). The educational intervention combined Design Thinking,
project-based learning, and challenge-based learning
methodologies, supported by CAD/CAM/FFF tools. The goal
was to strengthen competencies in three core areas: innovation,
sustainability, and technical skills. Participation was voluntary
and supported by informed consent from parents or guardians.

A structured questionnaire was administered before and
after the intervention. It consisted of 12 items distributed across
four thematic sections: (1) teamwork and problem solving, (2)
innovation and creativity, (3) sustainability and systems
thinking, and (4) technical competencies related to CAD/CAM
and additive manufacturing, as depicted in Fig. 2. Responses
were collected using a 4-point Likert scale, and descriptive and
inferential statistics were employed to analyze the data.

Average Student Self-Assessment Scores Before and After the Intervention

Before
m— After

N w

Average Score

-

Fig. 2: Average student scores before and after the intervention for Case
B

Fig. 2 depicts the average scores obtained before and after
intervention for each question. Questions I1-16 addressed
teamwork and innovation skills, including problem-solving,
contribution and improvement of ideas, creative solution
proposal, and the use of innovation tools. Items S1-S3 focused
on sustainability awareness and systemic thinking, such as
recognizing environmental challenges, understanding the
SDGs, and proposing sustainable solutions. Finally, questions

T4-T6 targeted technical competencies related to CAD, STEM
knowledge, and 3D printing. Notable increases in self-assessed
scores were observed across most items, indicating a positive
shift in students' perceived competencies following the project-
based and Design Thinking intervention.

The analysis revealed that the project had a significant
impact on students, particularly in competencies related to
innovation, problem-solving, and teamwork. The Wilcoxon
signed-rank tests showed improvements in several survey items
that were statistically significant. However, due to the number
of participants, Cohen’s d was used for further analysis.
Moreover, the effect size analysis (Cohen's d) indicated
substantial gains in most areas of interest, demonstrating the
effectiveness of the intervention, as shown in Fig. 3.

Effect Size (Cohen's d) by Competency

Fig. 3: Cohen’s d Value by Assessed Competency for Case B.

The quantitative analysis revealed high effect sizes across all
competency areas, with robust gains in technical competencies
such as T6 (Cohen’s d > 6). Survey items with large or very
large effect sizes (Cohen’s d > 0.8) were considered strong
indicators of success in intervention. The most positively
impacted areas were:

e Innovation: Substantial progress was observed in
competencies related to creative thinking, ideation,
and the application of innovation methodologies.

e Technical Competencies: Significant gains were seen
in students' ability to apply technical knowledge in
practice, particularly in areas such as CAD/CAM and
3D printing. These results indicate students' growing
confidence in translating engineering concepts into
tangible outputs.

These findings suggest that the intervention -effectively
enhanced students’ capacity to develop innovative solutions to
complex problems using technical tools.

Although all items demonstrated large effect sizes (Cohen’s d
> 0.8), suggesting that the intervention led to substantial
improvements across all competency areas, some survey items
exhibited comparatively smaller gains within this high-impact
range.
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e  Sustainability: While effect sizes in this area remained
high, certain items showed slightly lower scores
relative to others. This could be attributed to the
inherent  complexity = of  sustainability-related
competencies, which often demand greater theoretical
knowledge, systems thinking, and maturity, skills
typically developed in later stages of engineering
education. These findings suggest that, although
progress was substantial, future interventions could
include additional scaffolding or context-based
applications to enhance learning in this domain
further.

e Technical Competencies: Some items, especially
those related to original 3D design creation, displayed
relatively modest improvements compared to other
technical skills. This was likely due to the initial
complexity of tools such as Autodesk Fusion. The
subsequent transition to Tinkercad facilitated
engagement and usability. Nevertheless, given that
these skills are usually introduced in later academic
years, the observed high effect sizes are especially
notable and demonstrate the efficacy of early exposure
through simplified tools.

Although some prior interpretations suggested limited impact
on sustainability or CAD-related items, the observed effect
sizes (all above 0.8) indicate that the intervention produced
substantial improvements across the board. These findings
suggest that students perceived significant gains even in areas
previously considered more challenging, likely due to the
scaffolding provided during the intervention.

Both interventions demonstrated similar outcomes in
collaboration, creativity, technical proficiency, and systems
thinking, making them valuable for drawing comparable results
across two different educational levels, as depicted in Fig. 4.

Visual Overview of Dual Educational Interventions

Parallel interventions in Higher and Secondary Education using active
circular economy principles, and digital fabrication to build entrepreneurial

competencies Shared Outcomes

Feedback + Final 222
Agile Cycles Presentations Collaboration
-
ey

e
oM
%\‘,EJ/ Technical Skills

Community-
Focused
Prototypes

d..:q Systems Thinking

Higher Education (MPPS)

Team Projects
+ Peer Review
A8

Fig. 4. Visual Overview of Dual Educational Interventions.

IV. CONCLUSIONS

This study looked at two distinct educational settings, a
university course for engineering students and a program in
public secondary schools and explored how both could nurture
entrepreneurial thinking through sustainability challenges,
hands-on learning, and digital fabrication. Although designed

independently and tailored to different age groups, both
interventions produced clear and consistent impacts on
students’ knowledge and competencies.

In the higher education case (MPPS), the final-year
industrial engineering students showed remarkable growth.
Knowledge gains were substantial, with effect sizes reaching
large and medium-to-large levels (Cohen’s d = 0.90 and 0.74).
Competencies like working across disciplines, strategic
thinking, and envisioning future solutions improved
significantly (d > 0.8). The combination of flipped and mirror
classroom strategies with practical digital fabrication allowed
students to move beyond theory. By designing and prototyping
sustainable products with recycled HDPE, they connected
engineering skills with circular economy principles and green
entrepreneurship in a very tangible way. However, variations in
competency gains suggest that while the intervention was
effective, certain areas, such as self-awareness and normative
competence, may require more explicit integration of ethical
and sustainability-focused reflection within the technical
workflow.

The secondary school program told a similar story in a
different context. The findings indicate that the intervention had
a consistently positive effect on students’ self-perceived
competencies, with all assessed items demonstrating large
effect sizes (Cohen’s d > 0.8). Robust gains were observed in
areas related to creativity, innovation, and technical
competencies such as CAD/CAM and 3D printing. These
results suggest that the project-based and Design Thinking—
oriented approach effectively fostered meaningful learning and
skill development, even in a pre-university context. The
intervention not only enhanced students’ confidence in
addressing real-world challenges but also encouraged
interdisciplinary collaboration and critical reflection. Notably,
competencies related to sustainability, although improved,
showed comparatively smaller gains, possibly due to the
abstract nature of systems thinking and environmental
complexity at younger educational levels.

Taken together, these results show that entrepreneurship
rooted in sustainability can be developed at multiple levels of
education when students are given real challenges, hands-on
tools, and space to experiment. Both cases demonstrate how
active methodologies and digital fabrication can empower
learners to see themselves as changemakers capable of
designing solutions that make a difference in their communities
and beyond.

Despite these promising outcomes, several opportunities
for improvement were identified. = Methodological
reinforcement is recommended, mainly through hands-on
workshops in areas such as sustainability, where students may
require additional support to grasp and apply complex systems-
thinking concepts fully. To address the specific challenge of
teaching systemic and environmental competencies, future
interventions could integrate more dedicated scaffolding, such
as using concrete, local case studies of environmental impact,
incorporating simple system mapping exercises, or facilitating
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guided discussions that directly connect students' projects
to broader ecological and social systems.

For other institutions, the core model shows promise for
replication, though its scalability depends on key enabling
factors such as access to digital fabrication tools, teacher
training in active methodologies, and curricular flexibility.
Specifically, a clear roadmap for educator preparation and
detailed accounting of the necessary physical and digital
resources would be required for effective implementation in
new contexts. In resource-limited settings, scalability could be
pursued through mobile labs or shared community.

It is also crucial to consider the limitations of this study.
For instance, the small sample sizes in higher education (n=8
and n=12) limit the statistical power and generalizability of
these findings. The findings rely partly on self-assessed
competencies, which could be influenced by self-reporting bias.
Future research would benefit from triangulating these self-
assessments with direct observation or analysis of project
outputs. The specific context and sample size also suggest that
broader generalizations should be made cautiously.

Continuous monitoring of student progress is also essential
to allow for timely adjustments during the learning process.
Embedding formative assessments would further enhance the
development of competencies by providing students with
regular feedback. Finally, reinforcing the link between
theoretical knowledge and practical applications, through
authentic, real-world problem-solving, can help ensure that
students internalize and apply the competencies gained. These
combined strategies support the continued refinement and
scalability of this educational model, with potential for broader
implementation in early engineering education across diverse
educational settings.

ACKNOWLEDGMENT

The authors would like to thank the Research Groups in
Industrial Engineering (GIII) and Design, Manufacturing, and
Materials (DM+M) within the Technological University of
Panama (https://utp.ac.pa/) for their collaboration. Likewise,
special thanks to the Sistema Nacional de Investigacion (SNI)
for its support. This research was funded by SENACYT under
the grants FIED22-13, PFIA-IACP-39-22, and PFIA-IACP-A-
25-2023.

REFERENCES

[1] J. Frentz, S. Brauckmann-Sajkiewicz, M. S. Bellibas, P. Pashiardis,
and M. Pietsch, “Revealing Entrepreneurial Acting and Thinking
Among School Leaders in the K-12 Setting — A Scoping Review,”
Leadership and Policy in Schools, vol. 0, no. 0, pp. 1-26, 2025, doi:
10.1080/15700763.2025.2471373.

[2] S. Shrivastav and P. V. M. Rao, “Defining, cultivating, and assessing
entrepreneurial mindset in higher education: a systematic review and
future research directions,” European Journal of Engineering
Education, vol. 0, no. 0, pp. 1-34, 2024, doi:
10.1080/03043797.2025.2490551.

3] E. H. Amalu ef al., “Critical skills needs and challenges for
STEM/STEAM graduates increased employability and
entrepreneurship in the solar energy sector,” Renewable and

(4]

[3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Sustainable Energy Reviews, vol. 187, p. 113776, Nov. 2023, doi:
10.1016/j.rser.2023.113776.

A. T. Rosério and R. Raimundo, “Sustainable Entrepreneurship
Education: A Systematic Bibliometric Literature Review,”
Sustainability, vol. 16, no. 2, Art. no. 2, Jan. 2024, doi:
10.3390/su16020784.

S. Joensuu-Salo, A. Viljamaa, and E. Varamaiki, “Sustainable
Entrepreneurs of the Future: The Interplay between Educational
Context, Sustainable Entrepreneurship Competence, and
Entrepreneurial Intentions,” Administrative Sciences, vol. 12, no. 1, p.
23, Feb. 2022, doi: 10.3390/admsci12010023.

Y. Suto, H. Moriya, Y. Ikenoue, and Y. Sasaki, “Developing future
engineering leaders: Evaluating a novel entrepreneurship education
course,” The International Journal of Management Education, vol. 23,
no. 2, p. 101084, July 2025, doi: 10.1016/j.ijme.2024.101084.

A. Gracia-Zomefio, E. Garcia-Toledano, R. Garcia-Perales, and A.
Palomares-Ruiz, “Impact of Entrepreneurial Competence on
Education for Sustainable Development in the 21st Century,” World,
vol. 6, no. 2, Art. no. 2, June 2025, doi: 10.3390/world6020037.

M. Abdulwahed, “Technology Innovation and Engineering” Education
and Entrepreneurship (TIEE) in Engineering Schools: Novel Model
for Elevating National Knowledge Based Economy and Socio-
Economic Sustainable Development,” Sustainability, vol. 9, no. 2, p.
171, Jan. 2017, doi: 10.3390/5u9020171.

C. S. Diepolder, J. Huwer, and H. Weitzel, “Effects of competence-
based sustainable entrepreneurship education on secondary school
students’ sustainable entrepreneurial intention,” Sustainable
Technology and Entrepreneurship, vol. 4, no. 2, p. 100103, May 2025,
doi: 10.1016/j.stae.2025.100103.

N. M. Siew and S. Arifin, “FOSTERING CREATIVE THINKING IN
ENTREPRENEURSHIP AMONG RURAL STUDENTS THROUGH
SOCIO-SCIENTIFIC ISSUES AND DESIGN THINKING
INTEGRATION IN SCIENCE EDUCATION,” JBSE, vol. 24, no. 1,
pp. 169-186, Feb. 2025, doi: 10.33225/jbse/25.24.169.

J. E. Parada Camargo, S. M. Zambrano Vargas, and Y. Zambrano
Vargas, “Promocion del emprendimiento en estudiantes de educacion
media en Colombia,” RVG, vol. 30, no. 109, pp. 13-27, Jan. 2025,
doi: 10.52080/rvgluz.30.109.1.

B. Gamede and C. Uleanya, “The role of entrepreneurship education
in secondary schools at Further Education and Training phase,”
Academy of Entrepreneurship Journal, vol. 23, pp. 1-12, Nov. 2017.
A. Fute, B. R. Mushi, D. Kangwa, and M. Oubibi, “Combating
youth’s unemployment rate by integrating entrepreneurship in middle
school education,” Discov Educ, vol. 3, no. 1, p. 37, Apr. 2024, doi:
10.1007/s44217-024-00124-8.

M. M. Chan and P. Blikstein, “Exploring Problem-Based Learming for
Middle School Design and Engineering Education in Digital
Fabrication Laboratories,” Interdisciplinary Journal of Problem-
Based Learning, vol. 12, no. 2, Jan. 2018, doi: 10.7771/1541-
5015.1746.

Lorena Cabrera Frias, Diana, and Margarita Cérdova Esparza, “La
impresion 3D como herramienta educativa para desarrollar el
pensamiento creativo: revision sistematica 3D printing as an
educational tool for developing creative thinking: systematic review,”
vol. 15,2023, doi: 10.32870/Ap.v15n2.2382.

T. T. To, A. Al Mahmud, and C. Ranscombe, “A framework for
integrating additive manufacturing into engineering education:
perspectives of students and educators,” European Journal of
Engineering Education, pp. 1-22, Jan. 2024, doi:
10.1080/03043797.2024.2358368.

H. Mao, Y. Shan, and H. EisaZadeh, “Digital Twin for Additive
Manufacturing and Smart Manufacturing Education,” in ASEE Annu.
Conf. Expos. Conf. Proc., American Society for Engineering
Education, 2024. [Online]. Available:
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
85202017329&partnerlD=40&md5=0ad 1 f4ed1d0ee5108472{f931245
572

G. Berselli, P. Bilancia, and L. Luzi, “Project-based learning of
advanced CAD/CAE tools in engineering education,” Int J Interact

5" LACCEI International Multiconference on Entrepreneurship, Innovation and Regional Development - LEIRD 2025
“Entrepreneurship with Purpose: Social and Technological Innovation in the Age of AI” - Virtual Edition, December 1 — 3, 2025

9



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(311

[32]

Des Manuf, vol. 14, no. 3, pp. 1071-1083, Jan. 2020, doi:
10.1007/s12008-020-00687-4.

L. Wang and J. Wang, “Design of laboratories for teaching
mechatronics/electrical engineering in the context of manufacturing
upgrades,” The International Journal of Electrical Engineering &
Education, vol. 59, no. 3, pp. 251-265, Jan. 2022, doi:
10.1177/0020720919837856.

A. K. Hansen, T. R. Langdon, L. W. Mendrin, K. Peters, J. Ramos,
and D. D. Lent, “Exploring the Potential of 3D-printing in Biological
Education: A Review of the Literature,” Integrative and Comparative
Biology, vol. 60, no. 4, pp. 896-905, Oct. 2020, doi:
10.1093/icb/icaal00.

H. Kovacs, C. Pulfrey, and E.-C. Monnier, “Surviving but not
thriving: Comparing primary, vocational and higher education
teachers’ experiences during the COVID-19 lockdown,” Educ Inf
Technol, vol. 26, no. 6, pp. 7543-7567, Nov. 2021, doi:
10.1007/s10639-021-10616-x.

P. Néykki, J. Laru, E. Vuopala, P. Siklander, and S. Jarveld,
“Affective Learning in Digital Education—Case Studies of Social
Networking Systems, Games for Learning, and Digital Fabrication,”
Front. Educ., vol. 4, p. 128, Nov. 2019, doi:
10.3389/feduc.2019.00128.

R. C. Smith, O. S. Iversen, and R. Veerasawmy, “Impediments to
Digital Fabrication in Education: A Study of Teachers’ Role in Digital
Fabrication,” International Journal of Digital Literacy and Digital
Competence, vol. 7, no. 1, pp. 3349, Jan. 2016, doi:
10.4018/1J)DLDC.2016010103.

H. Tsalapatas, C. Vaz De Carvalho, O. Heidmann, and E. Houstis,
“Active Problem-based Learning for Engineering Higher Education:,”
in Proceedings of the 11th International Conference on Computer
Supported Education, Heraklion, Crete, Greece: SCITEPRESS -
Science and Technology Publications, 2019, pp. 347-351. doi:
10.5220/0007720403470351.

E. Beke and A. Tick, “Applicability of education 4.0 in higher
education: Engineering students’ survey,” J. Technol. Sci. Educ., vol.
14, no. 2, p. 529, Feb. 2024, doi: 10.3926/jotse.1845.

M. Valero, “Challenges, difficulties and barriers for engineering
higher education,” J. Technol. Sci. Educ., vol. 12, no. 3, p. 551, Oct.
2022, doi: 10.3926/jotse.1696.

V. Curtis, R. Moon, and A. Penaluna, “Active entrepreneurship
education and the impact on approaches to learning: Mixed methods
evidence from a six-year study into one entrepreneurship educator’s
classroom,” Industry and Higher Education, vol. 35, no. 4, pp. 443—
453, Aug. 2021, doi: 10.1177/0950422220975319.

B. Hammoda and C. Winkler, “Active methods in Entrepreneurship
Education: a case study with engineering students,” European Journal
of Engineering Education, vol. 49, no. 6, pp. 1203-1226, Nov. 2024,
doi: 10.1080/03043797.2024.2384893.

M. K. Ameri, A. Mohammadi, M. Z. Halimi, M. H. Akbari, and A.
Mohammadi, “The Impact of Entrepreneurship Education through
Active Learning and the Leaming Office Program on Entrepreneurial
Development: The Mediating Role of Entrepreneurial Attitudes and
Intentions,” Integr. J. Res. Arts Humanities, vol. 4, no. 6, pp. 17-34,
Nov. 2024, doi: 10.55544/ijrah.4.6.4.

M. Bucsa, “Integrating entrepreneurial education and active learning
for sustainable development,” in fnvdtare activa pentru dezvoltare
durabila : Conferinta stiintifica internationald : Eveniment online, 15
noiembrie 2024 = Active learning for sustainable development :
International Scientific Conference : Online event, November 15,
2024 : Conference proceedings, lon Creanga Pedagogical State
University, 2024, pp. 180—192. doi: 10.46727/c.15-11-2024.p180-192.
S. Rodriguez and H. Lieber, “Relationship Between Entrepreneurship
Education, Entrepreneurial Mindset, and Career Readiness in
Secondary Students,” Journal of Experiential Education, vol. 43, no.
3, pp. 277-298, Sept. 2020, doi: 10.1177/1053825920919462.

S. Chularee, J. Tapin, L. Chainok, and C. Chiaranai, “Effects of
Project-Based Learning on Entrepreneurship Skills and Characteristics
of Nursing Students,” Nursing &amp, Health Sciences, vol. 26, no. 3,
p. €13160, Sept. 2024, doi: 10.1111/nhs.13160.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[43]

[46]

[47]

D. S. Kottawa Gamage and D. K. Sobek, “The Impact of Problem-
Solving Studios on Entrepreneurial Mindset of Engineering Students,”
in 2024 IEEE Frontiers in Education Conference (FIE), Washington,
DC, USA: IEEE, Oct. 2024, pp. 1-8. doi:
10.1109/FIE61694.2024.10893182.

Dr. F. Khan, Dr. M. Sufyan, and Dr. M. Begum, “Enhancing
Entrepreneurial Mindset through Technological Integration in Higher
Education in Pakistan,” 41JSS, vol. 4, no. 2, pp. 923-931, May 2025,
doi: 10.63056/ACAD.004.02.0227.

Ayu Trisnawati, Elpisah Elpisah, Saripuddin Saripuddin, Erni
Rismawanti, and Suarlin Suarlin, “Influence of Learning Attitudes,
Ethics, and Peer Interaction on Students’ Entrepreneurial Behavior,”
Educational Dynamics, vol. 2, no. 2, pp. 23-34, Mar. 2025, doi:
10.70062/educationaldynamics.v2i2.155.

A. Wilson, R. Kask, and L. W. Ming, “Exploring Circular Digital
Economy Strategies for Sustainable Environmental, Economic, and
Educational Technology,” ITEE, vol. 2, no. 2, pp. 129-139, May
2024, doi: 10.33050/itee.v2i2.579.

L. Meria, C. S. Bangun, and J. Edwards, “Exploring Sustainable
Strategies for Education through the Adoption of Digital Circular
Economy Principles,” ITEE, vol. 3, no. 1, pp. 62-71, Nov. 2024, doi:
10.33050/itee.v3il.675.

N. Vidakis, M. Petousis, and A. Maniadi, “Sustainable Additive
Manufacturing: Mechanical Response of High-Density Polyethylene
over Multiple Recycling Processes,” Recycling, vol. 6, no. 1, p. 4, Jan.
2021, doi: 10.3390/recycling6010004.

B. C. Gan, “An entrepreneurial theorising of the recycling industry.,”
PhD Thesis. [Online]. Available: http://hdl.handle.net/10059/571

S. Turkeli and M. Schophuizen, “Decomposing the Complexity of
Value: Integration of Digital Transformation of Education with
Circular Economy Transition,” Social Sciences, vol. 8, no. 8, p. 243,
Aug. 2019, doi: 10.3390/s0csci8080243.

J. Y. Wong et al., “Evaluations of Virtual and Augmented Reality
Technology-Enhanced Learning for Higher Education,” Electronics,
vol. 13, no. 8, p. 1549, Apr. 2024, doi: 10.3390/electronics13081549.
A. Lumanog and M. O. Medrano, “Enhancing Most Essential
Learning Competency (Melc) in English 9 Using The Skills-Based
Learning Material,” Int. J. Theory Appl. Elem. Second. Sch. Educ.,
vol. 3, no. 2, pp. 51-60, Oct. 2021, doi: 10.31098/ijtaese.v3i2.631.

J. A. Isaac and G. Childers, “Exploring South African Students’
STEM Self-Efficacy and Attitudes in Non-Formal Learning
Experiences,” African Journal of Research in Mathematics, Science
and Technology Education, vol. 28, no. 1, pp. 27-43, Jan. 2024, doi:
10.1080/18117295.2023.2300019.

K. Betts et al., “An Examination of the Effects of Virtual Reality
Training on Spatial Visualization and Transfer of Learning,” Brain
Sciences, vol. 13, no. 6, p. 890, May 2023, doi:
10.3390/brainscil3060890.

J. M. Taylor and S. Alanazi, “Cohen’s and Hedges’ g,” J Nurs Educ,
vol. 62, no. 5, pp. 316-317, May 2023, doi: 10.3928/01484834-
20230415-02.

C. E. Castailo Reyes, B. Bernal Mojica, J. C. Noguera Cardoza, M.
Chen Austin, M. D. L. A. Ortega Del Rosario, and R. Caballero,
“Enhancing Engineering Competencies through Sustainable Design: A
Project- and Problem-Based Learning Approach for Industrial
Engineering Students,” in Proceedings of the 22nd LACCEI
International Multi-Conference for Engineering, Education and
Technology (LACCEI 2024). “Sustainable Engineering for a Diverse,
Equitable, and Inclusive Future at the Service of Education, Research,
and Industry for a Society 5.0.,” Latin American and Caribbean
Consortium of Engineering Institutions, 2024. doi:
10.18687/LACCEI2024.1.1.743.

M. L. Cruz, G. N. Saunders-Smits, and P. Groen, “Evaluation of
competency methods in engineering education: a systematic review,”
European Journal of Engineering Education, vol. 45, no. 5, pp. 729—
757, Sept. 2020, doi: 10.1080/03043797.2019.1671810.

5" LACCEI International Multiconference on Entrepreneurship, Innovation and Regional Development - LEIRD 2025
“Entrepreneurship with Purpose: Social and Technological Innovation in the Age of AI” - Virtual Edition, December 1 — 3, 2025

10



	I.  Introduction
	III. Methodology
	A. Case Study A: Higher Education
	B. Case Study B (Secondary Education):
	B. Case Study B


