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Abstract

Engineering education in developing countries faces critical challenges that hinder progress
toward achieving the United Nations Sustainable Development Goals (SDGs). In the Demo-
cratic Republic of Congo (DRC), students entering engineering programs often exhibit
significant apprehension toward foundational sciences, creating barriers to developing the
technical competencies required for sustainable development. This paper introduces the
Al-Integrated Practical Learning in Engineering (AIPLE) Framework, an innovative peda-
gogical model that synergizes Problem-Based Learning (PBL), hands-on experimentation,
and strategic Artificial Intelligence (Al) integration to transform engineering education for
sustainability. The AIPLE framework employs a five-stage cyclical process designed to
address student apprehension while fostering sustainable engineering mindsets essential
for achieving SDGs 4 (Quality Education), 7 (Affordable and Clean Energy), 9 (Indus-
try, Innovation and Infrastructure), and 11 (Sustainable Cities and Communities). This
study, grounded in qualitative surveys of engineering instructors at Université Loyola
du Congo (ULC), demonstrates how the framework addresses pedagogical limitations
while building technical competency and sustainability consciousness. The research reveals
that traditional didactic methods inadequately prepare students for complex sustainability
challenges, while the AIPLE framework’s integration of Al-assisted learning, practical
problem-solving, and sustainability-focused projects offers a scalable solution for engineer-
ing education transformation in resource-constrained environments. Our findings indicate
strong instructor support for PBL methodologies and cautious optimism regarding Al
integration, with emphasis on addressing infrastructure and ethical considerations. The
AIPLE framework contributes to sustainable development by preparing engineers who
are technically competent and committed to creating environmentally responsible, socially
inclusive, and economically viable solutions for developing countries.

Keywords: engineering education; sustainable development; artificial intelligence;
problem-based learning; developing countries; curriculum innovation; pedagogical
innovation; Sub-Saharan Africa; sustainability education; SDGs

Sustainability 2025, 17, 9038

https:/ /doi.org/10.3390/su17209038


https://doi.org/10.3390/su17209038
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0009-0009-2934-680X
https://orcid.org/0009-0007-0139-4063
https://orcid.org/0009-0001-6325-0889
https://orcid.org/0000-0002-6346-4326
https://doi.org/10.3390/su17209038
https://www.mdpi.com/article/10.3390/su17209038?type=check_update&version=1

Sustainability 2025, 17, 9038

2 of 14

1. Introduction
1.1. Engineering Education and Sustainable Development: A Critical Nexus

The achievement of the United Nations Sustainable Development Goals (SDGs) by
2030 requires a fundamental transformation in how engineers are educated, particularly in
developing countries where the challenges are most acute and the engineering workforce
gaps most pronounced [1]. Engineering education serves as a critical catalyst for sustainable
development, with engineers playing essential roles in addressing climate change (SDG 13),
ensuring access to clean energy (SDG 7), building sustainable infrastructure (SDG 9), and
creating sustainable cities and communities (SDG 11) [2]. However, traditional engineering
education models, particularly in the Sub-Saharan Africa, often fail to adequately prepare
students for the complex, interdisciplinary challenges of sustainable development [3].

In sub-Saharan Africa, an estimated 2.5 million additional engineers are needed to
address the region’s pressing development challenges, from constructing climate-resilient
infrastructure to developing sustainable energy systems [4]. The Democratic Republic of
Congo (DRC), with its vast natural resources and urgent infrastructure needs, exemplifies
both the potential and the challenges facing engineering education in developing countries.
The nation’s engineering workforce requirements are critical for achieving sustainable
development, yet educational institutions struggle with resource constraints, outdated ped-
agogical approaches, and student preparation challenges that limit their effectiveness [5].

1.2. The Student Apprehension Challenge: Barriers to Sustainable Engineering Education

Despite the critical demand for engineers, engineering education in the DRC confronts
a fundamental paradox. While students are motivated to pursue engineering careers, their
pre-university preparation creates a deep schism within the classroom, fostering a culture
of passive learning that stifles the development of essential engineering competencies. The
former typically possess strong theoretical backgrounds in mathematics and physics but
lack practical, hands-on skills, while the latter exhibits the opposite imbalance, being more
adept at technical application but weaker in foundational theory [6].

This heterogeneity creates a challenging and often disengaging learning environment.
Students with strong theoretical knowledge become “annoyed” by the remedial pace
required to support their peers, while those lacking foundational concepts show “early
signs of demotivation and discouragement”. This foundational insecurity from both ends
of the spectrum manifests in passive learning behaviors that are antithetical to the active,
critical thinking required for sustainable engineering practice. Instructors observe that
students “wait for ‘recipes’ to apply in solving problems” and tend to “memorize solutions
of class examples” rather than developing the adaptive problem-solving skills essential
for addressing novel challenges. This “recipe-seeking” mindset is a rational response to
a fractured classroom environment, as it represents the lowest common denominator for
passing examinations without requiring genuine conceptual understanding [7]. Such a
passive approach is particularly problematic for sustainable engineering, which demands
systems thinking, interdisciplinary collaboration, and innovative approaches to complex,
context-specific problems [8].

1.3. The AIPLE Framework: A Sustainable Engineering Education Solution

This paper introduces the Al-Integrated Practical Learning in Engineering (AIPLE)
Framework, a novel pedagogical model specifically designed to address the confidence
and mindset gaps that hinder effective engineering education for sustainable development.
The AIPLE framework represents a paradigm shift from traditional didactic instruction to
an active, student-centered approach that integrates three key components:

1.  Problem-Based Learning (PBL) grounded in real-world sustainability challenges.
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2. Hands-on experimentation that connects theory to practical application.
3.  Strategic Al integration that provides personalized learning support and enhances
problem-solving capabilities.

The framework is explicitly designed to advance sustainable engineering education
by developing the technical competencies required for SDG achievement, fostering sustain-
ability mindsets, building student confidence in tackling complex problems, and providing
scalable solutions for resource-constrained educational environments.

1.4. Research Objectives and Contributions
This study aims to:

1. Examine the limitations of traditional engineering education in developing sustainable
engineering competencies.

2. Present the AIPLE framework as a comprehensive solution for sustainable engineer-
ing education.

3. Analyze instructor perspectives on PBL and Al integration in engineering education.

o

Demonstrate the framework’s alignment with sustainable development objectives.
5. Provide implementation guidelines for similar institutions in developing countries.

The research contributes to the field by offering a theoretically grounded, practically
oriented framework that addresses both pedagogical and sustainability challenges in
engineering education, with particular relevance for developing countries working toward
SDG achievement.

2. Literature Review
2.1. Engineering Education for Sustainable Development

Engineering Education for Sustainable Development (EESD) has emerged as a crit-
ical field addressing the need to prepare engineers who can contribute to achieving the
SDGs [9]. The UNESCO Engineering for Sustainable Development report emphasizes that
engineering is crucial for achieving nearly all 17 SDGs, requiring educational approaches
that integrate technical competency with sustainability consciousness [1]. However, tradi-
tional engineering education often fails to develop the interdisciplinary thinking, systems
perspective, and ethical reasoning required for sustainable engineering practice [10].

Research highlights the importance of active learning methodologies in developing
sustainability competencies. Mathebula (2018) argues for a capabilities approach to en-
gineering education that emphasizes human development and social responsibility [10].
Recent scholarship underscores the urgency of adopting transformative, problem-oriented
pedagogies to cultivate these competencies. A 2024 literature review confirms that the
use of PBL as a methodology for sustainability education is a relatively recent innovation,
with a strong preference for its integration into engineering courses [11]. Such approaches
are seen as essential for developing key sustainability competencies, including systems
thinking, interpersonal skills, and integrated problem-solving. Despite this potential, the
integration of PBL for sustainability in higher education often lacks a systemic perspective
and remains under-explored, particularly in the context of developing countries. The
literature shows that sustainability is frequently treated as an “add-on” rather than being
deeply embedded within core engineering problems, which limits its effectiveness [12]. The
AIPLE framework addresses this gap by positioning authentic sustainability challenges as
the central driver of the learning process.

2.2. Problem-Based Learning in Engineering Education

Problem-Based Learning (PBL) has gained recognition as an effective pedagogical ap-
proach for engineering education, particularly in developing critical thinking and problem-
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solving skills [13]. PBL’s emphasis on real-world problems, collaborative learning, and
student-centered instruction aligns well with the competencies required for sustainable en-
gineering practice [14]. Research demonstrates that PBL can improve student engagement,
retention, and preparation for professional practice [15].

However, PBL implementation in developing countries faces unique challenges, in-
cluding resource constraints, large class sizes, and instructor preparation [16]. Studies
from similar contexts in Africa highlight the importance of adapting PBL methodologies
to local conditions while maintaining pedagogical effectiveness [17]. The AIPLE frame-
work addresses these challenges by providing structured implementation guidelines and
leveraging technology to support PBL delivery in resource-constrained environments.

2.3. Artificial Intelligence in Engineering Education

The integration of Al in education has shown promising results for personalizing learn-
ing, providing intelligent tutoring, and enhancing student engagement [18]. In engineering
education specifically, Al applications include adaptive learning systems, automated as-
sessment tools, and simulation environments that support hands-on learning [19]. Recent
studies demonstrate Al’s potential to address individual learning needs and provide scaf-
folding for complex problem-solving [20].

However, Al implementation in developing countries faces significant challenges, in-
cluding infrastructure limitations, digital divides, and ethical considerations [21]. Research
emphasizes the importance of contextually appropriate Al integration that addresses local
needs while avoiding technological dependency [22-25]. This complex reality necessitates
a cautious and context-aware approach. The AIPLE framework is therefore positioned not
as a techno-utopian solution but as a pragmatic model that acknowledges these barriers. Its
emphasis on “strategic” and “appropriate” Al integration is a direct response to the need
for sustainable and equitable technological adoption in the sub-Saharan Africa.

3. Methodology
3.1. Research Design

This study employs a qualitative research approach to explore instructor perspectives
on engineering education challenges and the potential of the AIPLE framework. The
research was conducted at Université Loyola du Congo (ULC) in Kinshasa, Democratic
Republic of Congo, between January and July 2025. The study received ethical approval
from the ULC Research Ethics Committee and followed established guidelines for educa-
tional research.

3.2. Participants

This study was conducted at Université Loyola du Congo (ULC), a nascent university
where the engineering program is in its early stages of development. The study’s partici-
pants comprised the four permanent, full-time instructors of the Faculté des Sciences et
Technologies. As the core faculty, these four instructors are responsible for delivering the
entirety of the foundational engineering curriculum, giving them a unique and comprehen-
sive vantage point on the pedagogical challenges and student needs within this specific
educational environment.

Therefore, the selection of participants, while purposive, also represents a complete
census of the permanent engineering faculty at the institution. The instructors have exten-
sive experience in engineering education (ranging from 5 to 15 years) and have demon-
strated active engagement with pedagogical innovation. Their collective expertise spans
diverse disciplines, including mechanical, electrical, and computer science, ensuring a
broad and well-rounded perspective on teaching foundational engineering courses.
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3.3. Data Collection

Data were collected through a semi-structured written survey administered to each
participant. The survey instrument was designed to elicit detailed responses across three
main areas: (1) current teaching practices and challenges, (2) experiences with and perspec-
tives on Problem-Based Learning, and (3) views on the potential and risks of Al integration
in engineering education. The survey included a mix of open-ended and targeted questions
to capture rich, detailed qualitative data from the instructors’ professional experiences. The
full survey instrument is provided in Appendix A.

3.4. Data Analysis

Qualitative data were analyzed using thematic analysis, following Braun and Clarke’s
(2006) six-phase approach [26]. Key themes were identified through iterative coding and
constant comparison. Quantitative data from closed-ended questions were analyzed using
descriptive statistics. The analysis focused on identifying patterns in instructor experiences
and perspectives that inform the AIPLE framework design.

3.5. Limitations

This study’s limitations include its small sample size (four instructors) and its focus on
a single institution. As such, the findings are not intended to be generalizable but rather to
provide a deep, context-rich exploration of the issues at hand. The study also focuses exclu-
sively on instructor perspectives; future research should incorporate student viewpoints to
provide a more holistic understanding of the learning experience. Additionally, this paper
presents a theoretical framework without empirical validation of student outcomes, which
represents a critical and necessary next step for future research.

4. The AIPLE Framework: A Context-Adapted Pedagogical Model
4.1. Theoretical Foundation

The AIPLE framework is grounded in constructivist learning theory, which posits
that learners actively construct knowledge through experience and reflection rather than
passively receiving information. It integrates three complementary theoretical approaches
to create a holistic learning environment:

1.  Experiential Learning Theory: The framework’s five-stage cyclical process mirrors
Kolb’s cycle of concrete experience, reflective observation, abstract conceptualiza-
tion, and active experimentation, ensuring that learning is an iterative and deeply
embedded process [27].

2. Social Constructivist Theory: AIPLE emphasizes learning through social interaction
and collaborative problem-solving. Students work in diverse teams, engaging in
peer-to-peer learning and co-constructing knowledge, which is particularly effective
for bridging the skill gaps present in the classroom [28].

3. Education for Sustainable Development (EESD) Theory: The framework embeds
sustainability principles into the core learning process, moving beyond treating sus-
tainability as an add-on topic. It encourages students to develop the systems thinking
and ethical reasoning necessary to address complex, real-world sustainability chal-
lenges [29].

4.2. The Five Stages of AIPLE: An Implementation and Assessment Guide

The AIPLE framework consists of five interconnected stages that form a cyclical learn-
ing process. It is designed to be a practical tool for educators, providing a clear structure
for implementation and assessment. The iterative nature of the framework, particularly the
loop between Stages 2, 3, and 4, allows for continuous refinement and deeper learning as
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students cycle through research, conceptualization, and experimentation until the project

goals are met. Table 1 provides a detailed guide to implementing the framework.

Table 1. AIPLE Framework: Activities, Al Integration, and Assessment Methods.

Assessment Methods

Stage Objective Key Activities & Instructor Examples  Strategic Al Integration (Formative &
Summative)
- Identify community-based problems Al-Powered Problem
related to SDGs (e.g., clean energy, Databases: Use Al tools to
sustainable housing) through i
- search for and curate case .
engagement with local stakeholders. . - Formative: Group
. studies and real-world . . T
Stage 1: Present real-world - Frame the problem: The instructor engineering problems discussion participation;
Progbler;1 sustainability challenges  presents a real-world challenge, such relevant to local SDG initial problem
Identification & relevant to the local as designing a semi-automatic system challenges statement draft.
Contextualiza- context, connecting for making fired briquettes. ) Conte%t Anal sis Tools: - Summative: Finalized
tion them to foundational - Brainstorming & Division: Students Emplov Al to a};al 70 loc‘al project proposal
scientific principles. brainstorm and divide the datE (ey environr}rllental outlining the problem,
macro-problem into manageable ro orts.ggz)mmuni surveys) scope, and objectives.
sub-problems for different teams (e.g., tor;el ’contextualit}; o Yy
raw material research, mechanical the rI()> blem
design, electrical systems). p )
- Individual & Group Research:
Students research existing systems,
identify knowledge gaps, and explore - Intelligent Research N
theoretical concepts needed to solve Assistants: Use Al tools like .Oljﬁﬁgla Zlnxﬁielz.esearch
their sub-problem. Elicit or Copilot to find, ) o
Develop research, . . . annotated bibliography;
Stage 2: - - Resource Consultation: Students summarize, and synthesize -
. analytical, and . . N peer review of research
Collaborative . consult academic papers, technical relevant academic literature .
S teamwork skills through : . summaries.
Investigation & K manuals, and online resources. They and technical documents. 5
guided and . . . - Summative:
Research ¢ L can also consult with experts, suchas - Literature Analysis Tools: :
independent inquiry. . . Comprehensive
local craftsmen or Employ Al to identify key : .
literature review and
industry professionals. themes, methods, and gaps roblem analvsis report
- Deliverables: Teams submit study in a body of research. P 4 port
documents or research summaries to
the instructor for feedback.
- Expert Input/Mini-Lectures: The . .
instructor provides targeted lectures or SAsi:rI:;Y%z:XIr ml§ tforms - Formative: Quizzes on
“expert time” on complex concepts that t}zla t rox;i de ersgnalize d foundational concepts;
students struggle with, directly exer}:aises an dpex lanations concept map
. addressing knowledge gaps identified ¢ P submissions;
Stage 3: Connect the practical duri h on foundational math and ticipation i
age 3: . uring research. : participation in
. problem to underlying . physics concepts based on .
Theoretical s - Concept Mapping: Students create problem-solving
- scientific and ) S . student performance data. .
Foundation & . . - visual maps linking abstract theories . A sessions.
engineering principles, . . . - Concept Visualization .
Concept 2 (e.g., mechanics, electronics) to their - Summative:
: bridging the . . . Tools: Employ Al to . .
Mapping . practical application in the project. . Mid-project exam or
theory-practice gap. . . ) generate diagrams, :
- Guided Discovery: The instructor cimulations. or interactive presentation
acts as a facilitator, guiding students to ¢ demonstrating mastery
- . L models that help students
discover theoretical principles for . . of relevant
visualize complex . .
themselves rather than . . . theoretical principles.
providing “recipes”. engineering principles.
-Simulation: Students use Computer - Simulation Tools:
Aided-Design (CAD)/Computer Leverage Al-enhanced
Aided-Engineering(CAE) software simulation software (e.g.,
(e.g., LTSpice 24.0.12, Ansys SimAI 2025 R2) to test
MATLAB/SIMULINK 24.2) to design, =~ complex systems and - Formative: Lab
simulate, and verify their solutions predict performance under notebook submissions;
. before building physical prototypes. various conditions. prototype
Stage 4: ﬁfgz;gegiﬁgﬂ h - Workshop Sessions: Students - Al-Assisted Coding: Use demonstrations;
Harg1 ds-.on Ex- rac ticalg & participate in hands-on workshops to tools like GitHub Copilot code reviews.
erimentation & ng erimentation learn practical skills (e.g., soldering, (v1.104) to assist with - Summative: A
IP;ro totvbin sirlrjlula tion. and ! programming an Arduino) relevant to  programming tasks, with a functional real or virtual
YPIng rototype (;levelo ment their project. focus on understanding, prototype; a technical
P yp P " - Prototyping: Teams build real or modifying, and debugging report detailing the

virtual prototypes of their sub-systems
(e.g., a manual brick-making machine,
an electronic display).

- Integration: Teams meet regularly to
integrate their sub-systems into a
coherent final product.

the generated code.

- Data Analysis Assistance:
Use Al to analyze
experimental data, identify
patterns, and

visualize results.

design, testing, and
validation process.




Sustainability 2025, 17, 9038

7 of 14

Table 1. Cont.

Assessment Methods

Stage Objective Key Activities & Instructor Examples  Strategic Al Integration (Formative &
Summative)
- Automated Feedback
- Feedback & Iteration: The instructor SySt?mS.: [.J?e Al tools to . .
and peers provide feedback. and teams provide initial feedback on - Formative: Reflective
ma P])Je aslP:e d to make corréctions written reports (e.g., for essays or journal entries;
Consolidate learning or i}rlnprovements. clarity, structure, plagiarism) peer evaluation
Stage 5: through reflection, peer - Self & Peer Assessment: Students (e)frﬁcc(i)jr?c(e.gt” f;))r _O;tlirrnn‘:t(i)il; Final
Reflection, evaluation, and reflect on their own learning process ) Learnilzll A};al‘ tics: roiect reseﬁta tion and
Assessment & presentation of the final ~ and the effectiveness of their 8 yres: project pres .
. . B . Instructors use Al demonstration; portfolio
ITteration solution to a team’s collaboration.

wider audience.

- Sustainability Evaluation: Solutions
are evaluated against sustainability
criteria (environmental impact, social

dashboards to track student
progress and engagement
throughout the project,
identifying individuals or

of work; final project
report assessing the
solution’s
sustainability impact.

benefit, economic viability). feams that may need

additional support.

5. Results: Diverse Instructor Perspectives on Pedagogy and Innovation

The thematic analysis of the four instructor surveys revealed a rich and complex pic-
ture of the challenges, strategies, and evolving perspectives within engineering education
at ULC. Three primary themes emerged: the foundational challenge of student apprehen-
sion and passive learning, the diverse and adaptive strategies for implementing PBL, and
the nuanced views on Al integration, marked by both cautious optimism and significant
practical hurdles.

5.1. The Core Challenge: Student Apprehension and the Culture of Passive Learning

All four instructors identified a deep-seated culture of passive learning as a primary
obstacle. This culture is rooted in the previously described dichotomy of student prepa-
ration. Instructor KT noted that students often “wait for ‘recipes’ to apply in solving
problems” and “memorize solutions of class examples,” a behavior that actively hinders the
development of adaptive problem-solving skills. Instructor JNM echoed this, describing
a “student passivity” where many “expect to receive all knowledge from the teacher and
rarely ask questions to challenge or engage”. Instructor TNK added that a major challenge
is that “students often do not prepare in advance,” arriving in class without having engaged
with the material beforehand.

This passive mindset is directly linked to the varied pre-university backgrounds. In-
structors KT and JNM both described the challenge of a classroom containing students from
scientific high schools, who are strong in theory but weak in practice, alongside students
from technical high schools, who have the opposite skillset. This disparity creates a difficult
teaching environment where it is challenging to “get the attention of all the students”. The
AIPLE framework’s problem-first, hands-on approach is a direct pedagogical response to
this challenge, designed to engage both groups by forcing the application of theory and the
development of practical skills simultaneously.

5.2. Strategies in Practice: Adapting Problem- and Project-Based Learning

Despite the challenges, all instructors have independently moved toward active,
project-based pedagogies, demonstrating a shared recognition of the limitations of tradi-
tional methods. However, their implementations vary significantly, reflecting adaptation to
different course levels and learning objectives.

e Instructor KT employs a year-long, multi-group PBL project for first-year students in
“Introduction to Industrial Engineering Science.” A complex, real-world problem, such
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as designing a briquette-making machine, is broken down into seven sub-problems
(raw materials, mechanical design, electrical circuits, etc.), with each group tackling
one piece. The process is iterative, involving a loop of research, expert consultation,
and integration until a functional prototype is presented. This model is designed
to build foundational skills and teamwork from the very beginning of the engineer-
ing curriculum.

e Instructor JNM utilizes a more formally structured, eight-phase PBL model for projects
like designing a traffic light system. The phases—Go-Phase, Individual Research,
Guidance, Collaborative Research, Presentation, Knowledge Sharing, Evaluation, and
Feedback—provide a clear and rigorous process for students to follow. This highly
structured approach ensures that all key aspects of problem-solving, from initial
definition to final reflection, are systematically addressed.

e Instructor TNK, working with Master’s students, implements Project-Based Learning
focused on research. Students are assigned topics related to real-world challenges,
such as energy issues in the DRC, and are guided through a phased research project
with set milestones for progress tracking and feedback. This approach develops
advanced research skills, often leading to an initial draft of a scientific paper, and
teaches students to use professional tools like LaTeX.

e Instructor David integrates a single, course-long project into his computer science
courses. By assigning a project title at the beginning of the term, “each lecture becomes
a step closer to reaching the main project.” This strategy provides a practical, unifying
context for all theoretical lectures and lab sessions, helping students see the direct
application of each new concept they learn.

These diverse examples demonstrate the flexibility of PBL and provide the practical
basis for the activities outlined in the AIPLE framework, which synthesizes these successful
strategies into a single, adaptable model.

5.3. Navigating Al Integration: Between Cautious Optimism and Practical Hurdles

Instructor perspectives on Al integration were nuanced, reflecting a blend of optimism
about its potential and significant concerns about its practical and ethical implications. On
the optimistic side, instructors see Al's potential for personalized learning, with adaptive
systems that can analyze student performance and provide tailored recommendations.
They also envision Al as a powerful tool for assisting students with research, generating
diverse course materials, and even automating some assessment tasks. Instructor David,
for example, personally uses Al tools like ChatGPT GPT-40, ChatPDF2024, and web based
Elicit for his own research to reformulate sentences and efficiently find relevant papers.

However, this optimism is tempered by significant practical and pedagogical hurdles.
Instructor JNM provided a powerful cautionary tale from his direct experience using
ChatGPT in a PBL project. The goal was for students to use Al to generate programming
code and then modify and adapt it. Instead, “many students failed because they simply
copied and pasted the code without making the necessary modifications.” They did not
take the time to understand the underlying logic, resulting in an exercise that produced
“just engagement but not understanding or performance”. This experience highlights
the central risk identified by all instructors: Al can encourage cognitive offloading and
undermine the development of critical thinking skills.

Beyond this pedagogical risk, instructors raised a host of other concerns, including;:

e Infrastructure and Cost: High implementation costs and the fact that “not all students

have access to high-performance computers and stable internet” create significant
barriers to equitable access.
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e  Ethical Concerns: Instructors worry about accountability for incorrect Al-generated
answers (“hallucinations”), the potential loss of human interaction between students
and teachers, and the scientific rigor of unverifiable sources.

e  Faculty Readiness: Instructors themselves require training to understand Al tools, their
limitations, and how to adapt their teaching methods accordingly. As Instructor David
noted, resistance is likely to come from educators who need to change long-held habits.

These deeply felt concerns underscore the need for a thoughtful, critical, and strategic
approach to Al integration, a principle that lies at the heart of the AIPLE framework’s design.

6. Discussion: Implications for Sustainable Engineering Education
6.1. Applying the AIPLE Framework to Overcome Foundational Learning Barriers

The AIPLE framework directly addresses the student apprehension and passive learn-
ing culture identified by the instructors. By grounding abstract theoretical concepts in tan-
gible, real-world sustainability problems, the framework transforms students’ relationship
with foundational sciences from one of fear or boredom to one of empowered application.
The problem-first approach provides an immediate “why” for learning, motivating stu-
dents to seek out the theoretical knowledge they need to solve a practical challenge. This
aligns with constructivist principles and directly counters the “recipe-seeking” mindset by
presenting problems that have no single, pre-defined solution.

The framework’s cyclical and collaborative design is particularly well-suited to the
heterogeneous classroom. The hands-on experimentation and prototyping stage (Stage 4)
allows students with strong technical backgrounds to excel and mentor their peers, while
the collaborative investigation and concept mapping stages (Stages 2 and 3) provide a sup-
portive environment for students with weaker theoretical foundations to build confidence
and understanding through peer-to-peer learning. This iterative process, where students re-
peatedly encounter and apply concepts, provides multiple opportunities to master essential
knowledge while maintaining engagement through practical, meaningful work.

6.2. A Call for Responsible Al Integration: Navigating Ethics and Infrastructure

The integration of Al into education in developing countries cannot be a simple
matter of adopting tools developed in and for high-resource contexts. The significant
infrastructural, financial, and pedagogical challenges demand a more critical and strategic
approach. The AIPLE framework offers a model for such responsible integration, acting as
a pedagogical “guardrail” that structures the use of Al to mitigate its risks while harnessing
its benefits.

The primary pedagogical risk of generative Al, as identified by Instructor JNM’s
classroom experience, is its potential to facilitate superficial engagement and cognitive
offloading, where students use the tool to achieve answers without developing understand-
ing. The most crucial recommendation from the instructors was that any Al-generated
output, whether it be code, calculations, or design concepts, must be verified through
real-world testing and implementation. The AIPLE framework inherently enforces this
principle. Stage 4, “Hands-on Experimentation and Prototyping,” is a mandatory, non-
negotiable part of the learning cycle. A student cannot successfully complete an AIPLE
project by simply submitting an Al-generated report; they must use that output as a starting
point for a design that is then simulated, built, tested, and validated. This embeds empirical
validation and critical thinking directly into the workflow, forcing students to move beyond
passive acceptance of Al outputs and engage with them as active, critical engineers.

This approach aligns with emerging global frameworks for Al education, which call for
the development of Al literacy that goes beyond simple use to include evaluation, creation,
and ethical application [30]. Furthermore, by emphasizing the use of open-source and
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low-cost Al tools, the framework remains mindful of the resource constraints prevalent in
the DRC and other developing nations, promoting a more equitable and sustainable model
of technology integration. However, successful implementation still requires institutional
commitment to address the larger issues of infrastructure, digital equity, and comprehensive
professional development for faculty [31].

6.3. The Critical Role of Community and Stakeholder Engagement

For Engineering Education for Sustainable Development to be truly effective, the
problems students solve must be authentic, relevant, and consequential. The AIPLE
framework’s emphasis on “real-world sustainability challenges” must therefore extend
beyond textbook case studies to include genuine engagement with community stakeholders.
Recent pedagogical literature calls for empowering engineering students to become socially
conscious and responsible agents of change by connecting their learning to the needs of the
communities they will one day serve [32].

This requires a re-imagining of Stage 1 of the AIPLE framework, “Problem Identi-
fication and Contextualization.” Drawing on best practices for community engagement
in engineering, this stage should be a collaborative, co-creative process rather than a top-
down, instructor-led exercise. This involves identifying the right stakeholders (e.g., local
community groups, neighborhood leaders, non-governmental organizations), develop-
ing a transparent engagement plan, and working with them to define problems that are
meaningful to the community. Such an approach ensures that the engineering solutions
developed are not only technically sound but also socially relevant and culturally appro-
priate. It transforms the learning experience from a purely academic exercise into a form
of service-learning, where students apply their skills to make a tangible, positive impact,
thereby fostering a deep and lasting commitment to sustainability.

7. Conclusions and Future Research

This study introduces the Al-Integrated Practical Learning in Engineering (AIPLE)
Framework, a comprehensive pedagogical model designed to address the persistent chal-
lenges hindering sustainable engineering education in the sub-Saharan Africa. Grounded
in qualitative data from experienced engineering instructors in the Democratic Republic
of Congo, the research confirms that a passive learning culture, rooted in heterogeneous
pre-university preparation, remains a significant barrier to developing the critical compe-
tencies required for sustainable development. The AIPLE framework directly confronts
this challenge by synergizing Problem-Based Learning (PBL), hands-on experimentation,
and strategic Al integration within a five-stage cyclical process. Its primary contribution
is a context-adapted, theoretically robust model that is informed by the practical realities
of resource-constrained environments. The findings demonstrate that while instructors
have independently adopted diverse and effective PBL strategies, their perspectives on Al
are marked by a cautious optimism, tempered by significant infrastructural, pedagogical,
and ethical concerns. The AIPLE framework offers a structured pathway for responsible
innovation by embedding Al within a pedagogical cycle that mandates empirical validation
and critical thinking, thereby mitigating the risk of superficial technological engagement.
By positioning authentic sustainability challenges at the core of the learning process, the
framework provides a scalable and replicable solution for cultivating engineers who are
not only technically proficient but also equipped with the systems-thinking and ethical
reasoning necessary to advance the Sustainable Development Goals.

The validation and refinement of the AIPLE framework necessitate a multi-pronged
agenda for future research. A critical next step is the empirical validation of the frame-
work through quasi-experimental studies designed to quantitatively measure its impact on
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student learning outcomes, including conceptual understanding, problem-solving capabili-
ties, and the development of specific sustainability competencies. Such studies should be
complemented by qualitative analyses of student perspectives to gain a holistic understand-
ing of their learning experiences, engagement levels, and perceived career preparedness.
Furthermore, comparative longitudinal studies are required to assess the framework’s
adaptability and effectiveness across diverse institutional and cultural contexts, track-
ing graduate career trajectories to provide definitive evidence of its long-term impact on
professional practice and its contribution to sustainable development.
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UN United Nations

UNESCO  United Nations Educational, Scientific and Cultural Organization
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Appendix A
Survey Questions

Survey Section 1: Teaching Practices
1. Traditional Methods:

e  Could you walk us through your typical teaching process for an engineering course,
including how you structure lectures, assignments, and lab sessions?
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How do you adapt your teaching for students who lack strong backgrounds in mathe-
matics and physics?

What are the main challenges you encounter when using traditional teaching methods
in engineering education?

2. Current Innovations:

Have you incorporated digital resources or online tools into your teaching? If so, what
tools or platforms have you found most effective?

How do you currently measure the balance between theoretical and practical learning
in your courses?

Are there specific teaching strategies you've tried that have noticeably improved
student engagement or outcomes?

Section 2: Problem-Based Learning (PBL)
3. Implementation of PBL:

When did you first start incorporating Problem-Based Learning (PBL) into your teach-
ing? What motivated this shift?

Could you describe a specific PBL activity or project you have used? What was the
focus, and how was it structured?

How do you ensure that students stay engaged and collaborative during PBL activities?

4. Impact on Students:

What changes have you noticed in students’ problem-solving skills, creativity, or
teamwork abilities since implementing PBL?

Have you observed any differences in how students approach engineering challenges
when using PBL versus traditional methods?

How do students typically respond to PBL activities, particularly those who might
initially lack confidence in STEM subjects?

5. Challenges and Solutions:

What logistical or resource-related barriers have you encountered when implement-
ing PBL?

How do you adapt PBL methods for large classes, limited lab access, or time constraints?
Could you share an example of a challenge you faced with PBL and how you resolved it?

Section 3: Perspectives on Al Integration
6. Understanding and Usage of Al

What is your current understanding of Artificial Intelligence (Al), and how do you see
its role in engineering education?

Have you personally used any Al-based tools (e.g., virtual labs, adaptive learning
platforms, simulations) in your teaching? If so, which ones, and what has been your
experience with them?

Do you actively teach students about Al concepts or applications in engineering? If
yes, how is this incorporated into your curriculum?

7. Perceived Benefits:

What specific areas of engineering education (e.g., labs, assessments, personalized
learning) do you think AI has the most potential to improve?

How do you think AI could help overcome barriers to education in resource-
constrained settings?

Have you observed any improvements in student engagement, understanding, or
performance when using Al tools?

8. Concerns and Limitations:
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e  What challenges or limitations do you foresee in integrating Al into engineering
education (e.g., cost, ethical concerns, technical barriers)?

e  Are there any potential risks you see in over-relying on Al in the classroom?

e  How would you address potential resistance from students or educators to adopting
Al-based teaching tools?

Section 4: Service Learning (Optional)
9. Experience with Service Learning:

e Have you implemented service learning as part of your teaching? If so, what type of
projects or partnerships have you facilitated?

e Could you provide an example of how service learning has helped students apply
their engineering skills to real-world problems?

e How do you assess the impact of service learning on students’ technical skills and
their understanding of community needs?

Section 5: Future Directions
10. Suggestions for Improvement:

e  What are the most significant gaps you see in current engineering education methods,
particularly in resource-limited settings?

e  What specific types of support (e.g., funding, training, infrastructure) would be neces-
sary to implement an effective Al and PBL-integrated approach in under-resourced
areas?

e  Are there any policies or institutional changes you believe are critical to advancing
engineering education in the Sub-Saharan Africa?

11. Vision for the Future:

e How do you envision engineering education evolving in the next decade, particularly
in light of advancements in Al and other digital technologies?

e  What steps can educators take to prepare students for addressing global challenges
like climate change and sustainable development?

e How can engineering education better align with the UN’s Sustainable Develop-
ment Goals?

Follow-Up Probes for Depth
e “Can you provide a specific example?”
e  “What tools or strategies were particularly effective in this scenario?”
o “How did students respond to this method or technology?”

This detailed structure ensures comprehensive coverage of the topics and will generate
rich, actionable insights for your research. Let me know if you'd like to refine further!
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