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Preface

Welcometo Volume 1, Number 1, January 2026 Edition of the Journal for Science, Technol-
ogy, Engineering and Mathematics Education in Africa (JSTEMEA)

The 22nd Conference on Mathematics, Science and Technology Education in Africa (COMSTEDA
22), held from 12th — 14th November 2025 at the Bingu International Conference Centre in Li-
longwe, Malawi, brought together educators, policymakers, researchers, industry experts, and de-
velopment partners from across the continent. Guided by the theme, “Reimagining STEM for a Pan-
African Future: Bridging Education, Innovation, and Sustainable Development Towards Agenda
20637, the forum reaffirmed the collective African commitment to reimagining STEM education in
waysthat equip learnerswith knowledge, skills, values, and attitudesrel evant for 21st century living.

This edition of the journal captures a selection of fifteen (15) peer-reviewed papers presented at the
conference. These papers reflect the conference sub-themes, namely:

1. Decolonizing STEM Curricula: Centering African Knowledge Systems and Sustain-
able Practices

2. Pan-African Innovation Hubs: L everaging Technology and Entrepreneur ship for In-
clusive Growth

3. Gender Equity in STEM: Empowering Women and Girls as Leaders of Africa’s Sus-
tainable Future

4. STEM for Climate Resilience: Adaptive Solutionsfor a Changing Africa

5. Policy Harmonization and Cross-Border Collaboration for a Unified STEM Agenda
Together, these contributions showcase both theoretical perspectives and classroom-based practices,
enriching the ongoing dialogue on STEM education in Africa. They also highlight practical innova
tions ranging from the integration of indigenous resources and preventive maintenance into STEM
learning to low-cost engineering and robotics, project-based learning and formative, competence-
based assessment that mirror the dynamism of education systems across the continent.

viii Journal for Science, Technology, Engineering and Mathematics Education in Africa (JSTEMEA) - Volume 1, Number 1, January 2026
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L ooking Ahead

As SMASE-Africa continues to serve as a continental hub for strengthening STEM education, this
journal is more than arecord of proceedings. It is a springboard for further inquiry and innovation.
We hope that readers will find in these pages not only valuable research but also practical insights
to inspire reforms in classrooms, policies, and institutions across Africa.

We look forward to building on the momentum of Lilongwe as we prepare for COMSTEDA 23,
confident that each forum brings us closer to realizing the African Union’s Agenda 2063 and the
aspirations of SDG 4: Quality Education.
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About SMASE-Africaand COMSTEDA

SM ASE-Africawas founded in 2001 to strengthen mathematics and science education in Africa. It
IS now a continental association uniting ministries of education, teacher educators, researchers, and
development partners in advancing STEM education. With avision “fo be a leading organization
in promoting quality STEM education in Africa”, SMASE-Africa works through research, profes-
sional development, policy advocacy, and collaborative networks. Its mission isto “To promote
quality STEM education through research, capacity devel opment, advancing policies, good govern-
ance, collaboration, and linkages in Africa.”

From 2001 — 2013, the regional conference was known as SMASE-WECSA (Strengthening of
Mathematics and Science Education in Western, Eastern, Central and Southern Africa). In
2014, the forum was renamed the Confer ence on M athematics, Science and Technology Educa-
tion in Africa (COMSTEDA) to reflect its continental scope.

The Conference on Mathematics, Science and Technology Education in Africa (COMSTEDA)
iS SMASE-Africa’s annual flagship platform for dialogue, research dissemination, and professional
exchange. Since 2014, COMSTEDA has rotated among member countries, bringing together edu-
cators, policymakers, NGOs, and the private sector to deliberate on innovations and challengesin
STEM education. Its scholarly outputs are published in the Journal on STEM Education in Africa
(JSTEMEA,; 1SSN 2617-6300), of which this volume is the 6th edition.

COMSTEDA Editions
e COMSTEDA 14 2016, Nairobi, Kenya
e COMSTEDA 15 2017, Livingstone, Zambia
e COMSTEDA 16 2018, Maun, Botswana
e COMSTEDA 17 2019, Nairobi, Kenya
e COMSTEDA 18 2021, Virtual (hosted by Mozambique)
e COMSTEDA 19 2022, Blended (Kampala, Uganda)
e COMSTEDA 20 2023, Blended (Accra, Ghana)
e COMSTEDA 21 2024, Blended (Kaduna, Nigeria)
e COMSTEDA 22 2025, Blended (Lilongwe, Malawi)

The Objectives of COM STEDA-22
The 22nd Conference on Mathematics, Science and Technology Education in Africa(COMSTEDA -
22) was designed to:

1. Provide a continental platform for educators, governments, academic institutions, pri-
vate sector, and development partners to interrogate issues and share best practices in
STEM education.

2. Improve the quality of education in Africa by sharing impactful research findings and
classroom practices that inform policy and practice.

Journal for Science, Technology, Engineering and Mathematics Education in Africa (JSTEMEA) - Volume 1, Number 1, January 2026
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3. Present case studiesand resear ch outputsthat highlight innovative approaches in math-
ematics, science, and technology education across diverse African contexts.

4. Promote and highlight therole of STEM education in Africa’s socio-economic devel-
opment, aligned to Agenda 2063 and SDG 4.

5. Foster networking, collaboration, and partner ships among countries, institutions, and
stakeholders to build collective capacity in STEM education.

6. Interrogate emergingissuessuch asICT integration, artificial intelligence, equity, inclu-
sion, and the competence-based curriculum shift, ensuring African learners are prepared
for life challenges.

(0 On behalf of SVIASE-Africa and the Editorial Board, we present thisfirst volume of the 2026
Edition of the Journal on STEM Education in Africa, containing fifteen research papers from
COMSTEDA 22, Lilongwe. May these pages inspire, provoke, and guide collective action
toward reimagining STEM for a Pan-African future.
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Editorial

Article 1

Benson Banda, Y ahaya Sani Rickagichikuni, Minata Redas and Jinga Andrew authored the paper
titled: Integrating I ndigenous Resources into STEM Skills Assessment: Cross-Disciplinary De-
sign Patterns for African CBC. This paper observed that Competence-Based Curriculum (CBC)
reforms prioritised the development of practical skillsand the ability to apply knowledge in authen-
tic, culturaly rooted situations, and that the integration of indigenous resources into STEM assess-
ment tasks had emerged as a powerful strategy for grounding learning in African identity, local
artistry and ecological sustainability. The study built on discussions from the AfriSTEMpedia
WhatsApp dialogue held from 5 to 10 October 2025, complemented by interviews with STEM ed-
ucators working in diverse schooling environments. It revealed that teachers were already experi-
menting with cross-disciplinary design patterns that embedded indigenous knowledge into compe-
tence-based assessment. Four patterns were prominent: the “heritage algorithm,” which used cultural
symbols, indigenous numeracy and traditional measurement to cultivate algorithmic thinking; “eco-
innovation,” which drew on the ecological wisdom of local materials such as plant fibres, clay and
wood; “community engineering,” which linked STEM learning to everyday community technolo-
gies such as traditional irrigation, basket traps and grain storage; and “artistic STEM,” which
blended creativity with scientific reasoning through African ornamentation and craftwork. The pat-
terns were found to strengthen learner creativity, promote the inclusion of diverse cultural
knowledge systems and open opportunities for school-based entrepreneurship. The study proposed
guidelines emphasising the safe handling of indigenous materials, the accurate representation of
cultural knowledge and deliberate interdisciplinarity in task construction, and concluded that CBC-
aligned STEM assessments could become vehicles for culturally responsive, community-rooted and
innovation-driven learning.

Article 2

Bridging Concepts and Reality: Enhancing Mathematics I nstructions through Project-Based
Learning for Upper Primary Schools Students by Fidele Ukobizaba, Jean Francois Maniraho and
Alphonse Uworwabayeho explored how learners could be actively engaged in deep learning through
Project-Based Learning (PiBL) in mathematics. The study employed a case study research design
and collected data through classroom observation, focus group discussion and document review
from 109 Grade Five (Primary Five) students purposively selected from one school in Nyamasheke
District, Rwanda. The data were analysed thematically. The findings revealed students’ belief that
PiBL made abstract concepts more concrete by allowing them to apply acquired concepts in real-
world situations, and that their skills to collaborate and communicate mathematical concepts were
enhanced. The study also highlighted students’ engagement as a pillar of active learning. Students’
ability to use instructional materials improved, although it remained a alow level, and a gap was
found in their ability to ask or answer questions during or after presentations, which limited their
critical thinking. The study recommended teacher training and the provision of enough loca and
contextualised instructional materials to bridge concepts with reality and make mathematics more
relevant to students.
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Article 3

Darius Katuka and Benson Banda, in the paper Integrating Preventive Maintenance (PM) into
STEM Education: Centering African Sustainable Practicesfor I nfrastructure Resiliencein Zam-
bian Learning Institutions, explored how integrating Preventive Maintenance (PM) into STEM
education could address the strain that rapid enrolment growth, following the introduction of free
education from early childhood to secondary level in Zambia, had placed on school infrastructure.
Drawing on African knowledge systems and communal care practices, the paper reframed PM as
both a technical necessity and a pedagogical strategy to cultivate responsibility, sustainability and
ecological awareness among learners. It noted that, despite a national maintenance policy dating
back to 1977, school infrastructure had often been neglected because maintenance was perceived as
peripheral, which limited hands-on skills development. The study argued that embedding PM in the
curriculum would turn maintenance into experientia learning, strengthen competence-based educa-
tion and foster indigenous values of stewardship, while practices such asenergy-efficient use, repair-
based culture, waste reduction and sustai nable material management conceptually supported climate
adaptation and mitigation. Its objectives were to develop context-appropriate PM strategies for
schools, enhance human resource capacity through STEM-aligned training and promote cost-effec-
tive, locally informed maintenance systems. The findings highlighted the need to decolonise STEM
education by institutionalising African sustainable practices, in line with the national vision of “car-
ing for and handing over the best” to future generations.

Article4

Peter M. Ndiritu authored the paper titled: STEM Pathway in Senior Schools: Developing Com-
munication and Collaboration Skills by Learnersin their STEM Projects. The paper argued that
the STEM pathway could prepare learners for the challenges of 21st century living by ensuring that
they acquired effective competencies, among which communication skills were central, and ob-
served that most |earners were unable to communicate effectively in either written or oral form. The
research examined how communication skills affected learners’ performance in their STEM projects
by comparing their written and oral communication skills, scientific thoughts, methods and creativ-
ity in expressing learning outcomes. Data comprised four STEM subject categories, namely chem-
istry, biology, mathematics and physics, with fifteen projects per category. Written communication
(Part A) was scored separately from oral communication (Part BC), and the two

were treated as dependent variables. Plotted against the number of projects per category, the two
variables produced converging and diverging curves, while their combined scores produced a grad-
ually declining line. The study explained that written communication demanded considerable time
and effort for thinking and reflection, while anxiety, lack of confidence and limited practice oppor-
tunities impeded oral communication, and concluded that |earners needed to develop both written
and oral communication skills to convey their learning outcomes effectively.

Article 5

From Recall to Real: Transforming STEM Education Assessment in Africathrough Competence-
Based Learning by Benson Banda, Emanuel Omang Ocquaye, Ndege Samuel and Debra Mwango
observed that African education systems were shifting from Outcome-Based Curriculum (OBC) to
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Competence-Based Curriculum (CBC), anchored in constructivist and authentic learning paradigms
that emphasised what learners could do rather than what they could recall, yet assessment practice
had lagged behind curriculum policy. The study analysed multi-country qualitative data from 392
WhatsApp posts by 52 educators from ten African countries who took part in the AfriSTEM
WhatsA pp discussion held from 5 to 10 October 2025 and facilitated by the Directorate of Zambia’s
National Science Centre. Thematic analysis revealed three domains of transformation: redefining
the purpose of assessment towards learning and empowerment rather than sorting; redesigning as-
sessment tasks as authentic tasks in real or realistic contexts that measured knowledge, skills and
values; and reconfiguring systems through policy reform, teacher professional development and
moderation for trust. The paper recommended elevating formative assessment, integrating indige-
nous knowledge and devel oping an African-owned continental framework (CAF-Africa) for harmo-
nising competence assessment across African states, and concluded that the sustainability of African
STEM education reforms hinged on transforming how |earning was assessed.

Article 6

Caroline Taliba, in the paper Concept-Driven Geometry Education: Enhancing STEM Learning
through Constructivist Approaches, examined how the 2023 Knowledge Co-Creation Programme
(KCCP) course “Enhancing Teacher Professional Growth in STEM Education: Towards Effective
STEM Learning Outcomes” transformed geometry education through a constructivist approach
grounded in the Lesson Study model. The course devel oped a curriculum item and concept map for
shapes that integrated two-dimensional (2D) and three-dimensional (3D) shapes from Early Child-
hood Education to societal contexts, treating 2D shapes as gateways to understanding complex 3D
structures. The paper profiled gaps and challenges in mathematics curricula in Uganda and other
African nations, including Botswana, Ghana, Malawi, Nigeria, Namibia and Zambia, and found that
their syllabi focused on discrete topics rather than overarching concepts, leading to redundancy and
missed opportunities for comprehensive understanding. The curricula emphasised conventional
shapes while overlooking irregular objects prevalent in society and did not encourage the design and
construction of products based on theoretical concepts. Drawing on the literature and on daily re-
flections from 11 participants, including teacher trainers, classroom teachers, in-service trainers and
a curriculum designer, the study reveaed significant repetition and surface learning and recom-
mended that African curricula adopt concept-driven approaches.

Article7

Peter Mulenga authored the paper titled: Unpacking Validity in Competence-Based Assessments
through the 3H Moddl. The paper noted that Africa’s shift toward Competency-Based Curricula
(CBC) reflected a continental commitment to education that fostered innovation, practical skills,
values and sustainable development in line with Agenda 2063, yet assessment systems in many
African countries remained anchored in colonial, recall-based traditions that weakened assessment
validity. The study examined the validity of Competency-Based Assessment (CBA) practices in
Zambia, Uganda, Kenya and Tanzania using teacher interviews, policy analysis and document re-
view. Guided by the 3H Model of Head (cognitive), Hands (psychomotor) and Heart (affective), the
study revealed that current assessments overemphasi sed knowledge recall while neglecting practical
performance and values-based competencies. Theintegrated findings highlighted systemic gaps, in-
cluding insufficient teacher capacity, limited application of indigenous knowledge and weak
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alignment with holistic CBC goals. The study proposed an African-centred validity framework
based on the 3H Model to strengthen CBA practices across the continent.

Article 8

Modernizing Mathematics and Science Education in Rwandan Secondary Schools Through Pro-
ject-Based Learning by Jeannette Muterampundu, Ezechiel Nsabayezu, Aloys lyamuremye,
Venuste Nsengimana, Pheneas Nkundabakura, Theophile Nsengimana and Eugenie Uwamariya
noted that improving mathematics and science education was pivotal to Rwanda’s education reform,
which emphasised Project-Based Learning (PBL), yet PBL implementation remained teacher-cen-
tred, constraining collaboration, critical thinking and problem-solving despite policy that advocated
learner-centred approaches. Using a mixed research approach, the study collected data from 120
secondary school teachers through structured questionnaires and semi-structured interviews, and
from 320 studentsthrough a21st century skills questionnaire. Quantitative datawere analysed using
descriptive and inferential statistics, while qualitative datawere analysed thematically. The findings
revealed that teachers perceived PBL as highly effective in enhancing engagement (mean = 4.62)
and conceptual understanding (mean = 4.54), with significant differences by teaching experiencein
favour of experienced teachers but no significant effect of gender or educational level. Three domi-
nant themes emerged: the promotion of |earner-centred practices, the need for ongoing professiona
support, and challenges related to limited teaching resources and time. The study concluded that
PBL had transformative potential to modernise science and mathematics instruction, and recom-
mended that teachers embrace PBL, that

policymakers prioritise systematic teacher training and adequate resources, and that future research
explore the longitudinal impact of PBL on lifelong learning and entrepreneurial skills.

Article9

Benson Banda, Anecetus Moonga, Eric Bbabbi and Muhydeen Ahmed, in the paper Formative
First: Rebalancing African Education Assessment Systems Toward Continuous Competence
Measurement, explored assessment practices across ten Science, Technology, Engineering and
Mathematics (STEM) secondary schools in Zambia to establish the extent to which formative as-
sessment was implemented and the systemic barriers that hindered its adoption, noting that African
education systems continued to rely heavily on high-stakes summative examinations despite global
reforms advocating formative, continuous assessment. Using a mixed-methods design, data were
collected through surveys, interviews and classroom observations. The findings revealed a signifi-
cant imbal ance between formative and summative assessment practices, with summative approaches
dominating instructional processes. Teachers demonstrated strong familiarity with summative ex-
aminations but limited capacity to design formative tasks and provide constructive feedback, and
classroom observations showed minimal use of continuous assessment strategies, creating a gap
between policy aspirationsand classroom realities. The paper argued that thisimbal ance undermined
competence-based curriculum reforms, particularly in STEM learning environments that required
iterative feedback, and concluded that rebal ancing assessment systems toward formative approaches
was essential. It recommended strengthening national formative assessment policies, investing in
teacher professional development and introducing digital tools to support feedback tracking.
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Article 10

Empowering Women and Girls’ Participation in Science, Technology, Engineering, and Mathe-
matics (STEM) as Leaders of Africa’s Sustainable Future by Nelson K. Koech explored strategies
for empowering women and girls to participate and lead in STEM fields as a critical component of
Africa’s sustainable development, observing that gender gaps persisted in STEM education and ca-
reers despite numerous efforts. The paper sought to address systemic barriers to women'’s participa-
tion in STEM by analysing the effectiveness of policy reforms, mentorship programmes and inclu-
sive pedagogies. It reviewed gender-responsive policy reforms across Africa, mentorship initiatives
such as those led by African Women in Science and Engineering (AWSE), and inclusive teaching
practices championed by institutions such as CEMASTEA. Employing a qualitative comparative
research design, data were collected through document analysis of reports from CEMASTEA,
UNESCO and various African ministries of education, and were analysed thematically, supported
by basic descriptive statistics. Data from ten African countries were presented through charts and
tables to visualise participation trends, implementation outcomes and access disparities. The find-
ings revealed that, while notable strides had been made, challenges in implementation, access and
sustainability remained. The paper recommended strengthening policy enforcement, expanding ac-
cess to mentorship and enhancing gender-sensitive pedagogy, and underscored the necessity of sys-
temic transformation to achieve gender equity and empower women as leaders in Africa’s STEM
future.

Article 11

Masuzyo Sibande and Chipo Namakau Sakala authored the paper titled: Uncovering Children’s
Abilities: A Case Study of Competence Development through Home-Linked Choresin an Early
Learning Classroom. This study explored how home-linked chores could serve as meaningful con-
texts for competence development in early learning classrooms, and examined how young children
demonstrated and extended their abilities when engaged in familiar, real-life tasks such as washing,
sweeping, arranging and simple cooking. A qualitative case study design was employed within an
action-research framework. The target group comprised early childhood learners aged 4-6 yearsin
a pre-primary classroom, with both boys and girls participating in structured practical activities,
while parents were indirectly involved as contributors of materials and as post-activity informants.
Data were collected through classroom observations, learner interviews and informal parent discus-
sions. Thefindings reveal ed that the children exhibited higher levels of independence, initiative and
collaboration than initially expected, and that through observation, imitation and peer learning they
developed both fine-motor and social competences. Parents reported a positive shift in perception,
acknowledging that their children were more capable and responsible than previously assumed. The
study concluded that connecting classroom learning to home experiences through chores enhanced
confidence, creativity and responsibility in early learners, and recommended that teachersintention-
aly integrate everyday hometasksinto early learning environmentsto strengthen competence-based
education.

Article 12

Isaac Sogbadzi, Daniel Ewusi-Essel, Mawuena Asem-Hanson and Heather Beem, in the paper Pre-
liminary Findings from Piloting Low-Cost Engineering and Robotics in 7 STEM High Schools
in Ghana, reported on thework of Practical Education Network (PEN) with 25 teachers across seven
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STEM schools that piloted the new engineering and robotics curricula introduced in 2023 by
Ghana’s National Council for Curriculum and Assessment (NaCCA) for Senior High and Senior
High Technical Schools, which some teachers felt under-equipped to use. In November 2023, the
government organised atwo-week training at KNUST, which was followed by ayear-long PEN-led
programme of coaching and mentoring on hands-on learning with low-cost, locally available mate-
rials. Pre- and post-surveys showed gainsin 13 of 14 competencies, with highly significant improve-
ments in schematic symbols, computer-aided design, rapid prototyping, microcontroller program-
ming and reading microcontroller data, and significant gainsin areas such as ethics and safety, iden-
tifying components, multimeter use and flowcharts. Overall scores rose from 49.29 to 63.41. Inter-
views revealed that teachers gained confidence, observed greater student participation and reported
stronger links between lessons and everyday life, while students

demonstrated curiosity and applied STEM concepts to practical projects. The study concluded that
leveraging locally available materials to teach engineering and robotics proved impactful in Ghana-
ian classrooms and offered a pathway to decolonising STEM education in Africa.

Article 13

Sustaining the Ripple Effect: Educators’ Cascading of Foundational Learning Environments
following KCCP 2025 by Chipo Namakau Sakala and Natasha R. Nyangwete examined how edu-
cators who participated in the Knowledge Co-Creation Programme (K CCP) 2025 sustained and cas-
caded the theme of Foundationa Learning Environments within their local contexts, seeking to un-
derstand the extent of implementation, the strategies used and the emerging impact on teaching and
learning. A descriptive qualitative design was employed, focusing on post-training reflections and
activity reports submitted by KCCP 2025 alumni from 14 African countries; reports were received
from all fourteen representatives, and nine countries indicated active cascading of the theme. Data
were collected through document analysis of the post-training reports, and thematic analysis identi-
fied common patterns, variations and success indicators across country contexts. The results re-
vealed that educators successfully cascaded training concepts through structured in-service sessions,
peer-learning communities and the integration of learner-centred pedagogies, while others created
and redesigned learning spaces that enhanced inclusivity, the visibility of learning outcomes and
hands-on engagement. The findings suggested that international professional development pro-
grammes such as K CCP could generate sustai nabl e transformati on when participants were supported
to contextualise, disseminate and integrate competences that embedded a culture of co-creation and
innovation in African education systems.

Article 14

Munashe Chakamanga, Tanya Dzinemarira and Tonderai Rusere, in the paper |nvestigating the
I mpact of Hands-On Laboratory Activities on Student Attitudes Towards Biology and Chemistry,
investigated the impact of inquiry-based, hands-on laboratory activities on secondary school stu-
dents’ attitudes towards Biology and Chemistry, noting that attitude was among the most important
learning outcomes at this level because it shaped students’ disposition towards a subject and the
career aspirations they formed. The study addressed the lack of rigorous empirical evidence on
whether intentionally designed laboratory sessions could improve attitudes in subjects that many

Journal for Science, Technology, Engineering and Mathematics Education in Africa (JSTEMEA) - Volume 1, Number 1, January 2026 XVii



Journal for Science, Technology, Engineering and Mathematics Education in Africa (JSTEMEA), Volume 1, Number 1, January 2026

students regarded as abstract, content-heavy and unrelated to their lives. Five dimensions of attitude
were analysed, namely enjoyment, perceived value, self-efficacy, reduction of anxiety and career
interest, with data collected at three intervals from a group that received inquiry-based laboratory
instruction and a group that followed traditional laboratory methods. The results revealed that in-
quiry-based laboratory teaching led to significant positive changes across al five dimensions, with
the relative improvement greater in Chemistry, whereas the comparison groups showed only limited
improvement. The study concluded that inquiry-based laboratories fostered curiosity, autonomy,
confidence and long-term interest in science, and recommended their comprehensive adoption
across Biology and Chemistry curricula, supported by professional development for science teachers
in inquiry-based strategies, scaffolding and experimental design.

Article 15

Kaungwishi Elijah Kabemba authored the paper titled: Forming the Future Pan-African Learner
through Transformative STEM: Bridging Identity, Innovation, and Sustainability for Agenda
2063. Grounded in the GPS-DA L E Macrophage framework, the paper argued that the COMSTEDA
22 theme, “Reimagining STEM for a Pan-African Future,” was semantically overloaded and risked
reversing the authentic logic of transformation by prioritising system-level adjustments over human
formation. Focusing on justice, competence, conscience, unity, sovereignty, healing, spirituality and
morality, the framework conceptualised STEM reform as a pedagogical immune response rather
than atechnocratic fix, and positioned the African learner as the regenerative core of transformation.
Drawing on African epistemological perspectives such as Ubuntu and Sankofa, cognitive load the-
ory and the DALE Matrix, the paper built its arguments on findings from summative Senior Sec-
ondary STEM examination papers from Zambia (2000-2024), Ghana, Kenya, Rwanda, Uganda and
South Africa. These findings revealed a systemic over-reliance on low-order skills, limited align-
ment with Agenda 2063 and SDG 4, and minimal attention to learner agency, innovation or conti-
nental consciousness. Using 18 diagnostic clusters, the paper analysed al five COMSTEDA sub-
themes and proposed a reframed theme, “Forming the Future Pan-African Learner Through Trans-
formative STEM,” in which reform began with the soul of learning rather than the shell of structure,
presenting diagrams, cognitive heatmaps and healing rubrics as tools for regenerating African learn-
ing ecosystems.
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ABSTRACT

Competence-Based Curriculum (CBC) reforms prioriti se the development of practical skillsand
the ability to apply knowledge in authentic, culturally rooted situations. Within this reform
agenda, the integration of indigenous resources into STEM assessment tasks has emerged as a
powerful strategy for grounding scientific and technological learning in African identity, local
artistry, and ecological sustainability. By drawing on materias, techniques, symbols, and prob-
lem-solving approaches that communities have refined over generations, such integration
strengthens the relevance of STEM education while encouraging learners to innovate from their
cultural and environmental contexts.

This paper builds on discussions from the AfriSTEM pedia WhatsApp dialogue held from 5 to
10 October 2025, complemented by interviewswith STEM educatorsworking in diverse school -
ing environments. I nsights from these conversations reveal that teachers are already experiment-
ing with a range of cross-disciplinary design patterns that embed indigenous knowledge into
competence-based assessment. Four patterns were particularly prominent. The first, referred to
as the “heritage algorithm,” involves using cultural symbols, indigenous numeracy systems, and
traditional measurement practicesto cultivate algorithmic thinking and mathematical modelling.
The second pattern, “eco-innovation,” centres on the ecological wisdom embedded in local ma-
terials such as plant fibres, clay, wood, and solar techniques, which learners can apply when
developing sustainable scientific or engineering solutions. A third pattern, “community engi-
neering,” encourages learners to draw inspiration from everyday technologies within their com-
munities, including traditional irrigation methods, basket traps, grain storage structures, or
herbal processing tools, thereby linking STEM learning to real social needs. The fourth pattern,
“artistic STEM,” blends creativity with scientific reasoning by drawing on the rich traditions of
ornamentation, craftwork, and aesthetic design in African cultures, enabling learners to explore
STEM concepts through culturally meaningful artistic expression.

Across the dataset, these patterns were found to strengthen learner creativity, promote inclusion
of diverse cultural knowledge systems, and open opportunities for school-based entrepreneur-
ship. The findings underscore the importance of designing STEM assessments that are not only
technically rigorous but also culturally authentic. To achieve this, the study proposes guidelines
that emphasise safe handling of indigenous materials, accurate representation of cultura
knowledge, and deliberate interdisciplinarity in task construction. Together, theseinsights high-
light how CBC-aligned STEM assessments can become vehiclesfor culturally responsive, com-
munity-rooted, and innovation-driven learning.

K eywor ds: Indigenous Resources, Cross-Disciplinary Design, Heritage Algorithm, Commu-
nity Engineering, Artistic STEM
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1. Introduction

1.1 Background

Indigenous knowledge and local resources embody centuries of accumulated scientific observation,
experimentation, and refined craftsmanship. Far from being static cultural artifacts, they function as
living reservoirs of STEM intelligence that have been continuously adapted, tested, and transmitted
across generations. Embedded in everyday practices, artistic traditions, and community technologies
are sophisticated forms of problem-solving that mirror many principles taught in contemporary sci-
ence, technology, engineering, and mathematics. These knowledge systems demonstrate that Afri-
can communities have long engaged in rigorous empirical inquiry, optimisation of materials, and
complex design thinking long before these processes were formalised in Western scientific frame-
works.

One powerful exampleisthe presence of fractalsin African artistic and architectural traditions. From
the recursive patterns of Ndebele mural designs to the terraced layouts of Ba-ila homesteads and the
modular structure of traditional village planning, fractal geometry manifests through self-similarity,
scaling rules, and recursive patterning. These designs illustrate intuitive mastery of mathematical
concepts often considered advanced, such as iterative functions and proportional reasoning, making
them ideal entry pointsfor contextualised STEM learning. Similarly, the geometric symmetries pre-
sent in basket weaving, pottery, beadwork, and mat-making reflect deep knowledge of spatia rela-
tionships, angle precision, tessellation, and structural stability. The artisans who produce these
works rely on principles akin to those used in modern engineering and materials science: load dis-
tribution, tension control, reinforcement patterns, and optimisation of natural fibres for durability.

The practical ingenuity embedded in indigenous designs, whether in food preservation technologies,
herbal distillation, rainwater harvesting, iron smelting, or traditional construction methods further
demonstrates complex understandings of chemistry, environmental science, and mechanical engi-
neering. These systems also reflect sustainable engineering practices that minimise waste, rely on
renewable materials, and harmonise with local ecosystems.

Integrating such culturally grounded insights into formal STEM education enriches learning in sev-
eral ways. It enhances conceptual understanding by linking abstract theories to familiar, tangible
examples. It affirms learners’ cultural identities and validates the scientific value of their environ-
ments. It promotes creative, hands-on problem-solving rooted in local realities. And most im-
portantly, it supports amoreinclusive, decolonised approach to STEM education one that recognises
African intellectual traditions as legitimate sources of scientific knowledge. By situating STEM
learning within indigenous knowledge systems, educators can create competence based assessments
that are meaningful, contextual, and culturally responsive, while inspiring learners to innovate from
their own heritage.

1.2 Problem Statement

Although CBC policies emphasise contextualisation, cultural relevance, and learner-centred peda-
gogy, they provide limited guidance on how educators can systematically embed indigenous
knowledge and local materialsinto STEM assessment tasks. In practice, teachers are often |eft with-
out structured design patterns, exemplars, or frameworks to support meaningful integration of in-
digenous resources within competence-based assessment (CBA). This gap results in inconsistent
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implementation, underutilisation of richlocal knowledge systems, and missed opportunitiesto create
culturally responsive, community-rooted STEM learning experiences.

1.3 Objectives

1. Identify educators’ experiences of using indigenous materials in STEM CBA. 2. Formulate
cross-disciplinary design patterns reflecting African knowledge systems. 3. Recommend
safety and ethical guidelines for implementation.

2. Resear ch Questions

RQ1: What indigenous resource-based strategies are currently used in CBC-STEM assessment?
RQ2: Which cross-disciplinary patterns can organise this integration effectively?

RQ3: What safeguards are necessary for scale-up across schools?

3. Literature Review

Research on the integration of culture and STEM education highlights the longstanding presence of
sophisticated mathematical and technological knowledge within African societies. Eglash (1999)
illustrates this through his documentation of mathematical patterns embedded in African arts, crafts,
and architectural forms, demonstrating that indigenous designs often reflect complex concepts such
as recursion, symmetry, and algorithmic reasoning. Building on this work, Eglash later devel oped
Culturally Situated Design Tools (CSDTs), which blend digital technology with cultural heritage to
support the teaching of STEM conceptsin waysthat are meaningful and identity-affirming for learn-
ers (Eglash, 2016). Similarly, scholarship on indigenous knowledge integration emphasi ses that au-
thentic learning grounded in local cultural contexts fosters creativity, relevance, and innovation,
with Odora Hoppers (2002) arguing that such knowledge systems provide critical resources for
transforming education.

Within contemporary pedagogical reforms, the Competence-Based Curriculum (CBC) further un-
derscores the need for learners to demonstrate performance through tasks that are contextual, rele-
vant, and grounded in real-world problem-solving. Assessment theorists such as Wiggins (1998) and
Gulikerset a. (2004) highlight that authentic assessment requirestasksthat mirror rea-life practices
and cultura realities. Together, these perspectives provide a strong theoretical foundation for inte-
grating indigenous knowledge and cultural design principles into STEM assessment within CBC
frameworks.

1.Methodology

1.1Resear ch Design

The study employed a qualitative research design, combining thematic analysis with pattern syn-
thesis. Thisdual approach allowed for an in-depth exploration of how educators conceptualize and
apply locally available or indigenous materials in STEM instruction. Thematic anaysis facilitated
the systematic identification of recurring ideas and meanings within the data, while pattern synthesis
enabled the integration of these themes into broader interpretive insights that reflect emerging rela-
tionships, tensions, and instructiona possibilities.
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4.2 Data Sour ces

Data were drawn from two primary sources to ensure richness and triangulation: 1. AfriSTEM-
pedia WhatsApp Discussion Forum: This platform provided naturally occurring conversations
among STEM educators, where participants shared experiences, challenges, and examples of inte-
grating indigenous materials into teaching. These spontaneous interactions offered authentic, prac-
tice-based insights.

2. Semi-Structured Educator Interviews: Individua interviewswith selected STEM teachers
allowed for deeper probing into participants’ perceptions, motivations, and classroom prac-
tices. The interviews complemented the WhatsApp data by providing contextual details and
clarifications.

4.3Data Collection Procedures

WhatsApp discussions were exported in text format and anonymized before anaysis, while inter-
views were audio-recorded with consent transcribed verbatim, and coded. The combination of con-
versational and interview data enabled a more holistic understanding of lived experiences and pro-
fessional reasoning.

4.4 Data Analysis
The analysis followed a multi-stage qualitative process:

elnitial Coding:
Textswere coded line-by-lineto capture meaningful unitsrelated to the study focus. Four sensitizing
codes guided the process: olndigenous materials (e.g., clay, sticks, baskets, gourds, loca crafts)
olntegration (ways these materials are incorporated into STEM lessons) oSafety (concerns or pre-
cautionsin using natural or handmade materials) oCreativity (innovative instructional practices and
learner engagement)

eTheme Development: Codes were clustered into broader categories based on con-
ceptual similarity. Thisprocesswas inductive, allowing themes to emerge naturally from
participant contributions rather than being  predetermined.

ePattern Synthesis:  Higher-order patterns were generated by examining how themes in-
teracted across data sources.  This step involved searching for cross-cutting concepts—for
example, the relationship between material availability, safety considerations, and oppor-
tunities for creative STEM learning.

elnterpretation: The resulting patterns were interpreted in relation to existing literature on In-
digenous Knowledge Systems (IKS), contextualized STEM pedagogy, and resource-con-
strained learning environments.

45 Trustworthiness

Credibility was enhanced through triangulation of data sources (WhatsApp discussions and inter-
views) and iterative coding checks. Member checks were performed with a subset of participantsto
validate interpretations.
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5. Findings (with verbatim excer pts)

Theme 1: Indigenous materials enhance access and creativity

i. “Learners use clay to model molecular structures—simple but powerful.” — Partici-
pant 68 (06/10/2025 09:41 am)

ii. “Maths through basket designs connects tradition with geometry.” —
Participant 74 (06/10/2025 09:49 am)

Theme 2: Cross-disciplinary learning emerges naturally i. “In one task, students built solar
cookers using bamboo; physics met sustainability.” — Participant 71 (06/10/2025 09:43 am)

ii. “When art, science, and environment join—learners become innovators.” —
Participant 69 (06/10/2025 09:42 am)

Theme 3: Safety and ethics matter
1. “Local doesn’t mean unsafe; schools must guide material selection.” —
Participant 176 (07/10/2025 12:16 am)

6. Discussion

Educators consistently affirm that the integration of indigenous resourcesinto STEM learning envi-
ronments enhances learner engagement, deepens conceptual understanding, and sparks innovative
thinking. By drawing on familiar cultural materials, artistic traditions, and community-based tech-
nologies, teachers report that learners become more motivated and confident, seeing themselves
reflected in the content they study. This pedagogical approach extends Eglash’s concept of heritage
algorithms, which illustrates how cultural patterns embody mathematical logic, by broadening the
lens to include scientific reasoning, ecological knowledge, engineering practices, and artistic ex-
pression grounded in local identity. In this expanded view, indigenous resources act not only as
cultural artefacts or teaching aids but as gateways to blended STEM competencies rooted in lived
experiences.

Integrating such resources into assessment tasks directly operationalises the CBC’s demand for ho-
listic competence, where learning is demonstrated not merely through recall of information but
through meaningful performance. This includes cognitive competence (understanding concepts
through culturally relevant examples), practical competence (applying skills using local materials,
tools, or community technologies), and social competence (collaborating, valuing cultural
knowledge, and solving problems relevant to one’s context). Through this lens, indigenous
knowledge becomes a dynamic pedagogical asset that supports learners in connecting theory to
practice, strengthens cultural identity within STEM disciplines, and nurtures creative, context-re-
sponsive forms of innovation.
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7. Cross-Disciplinary Design Patterns

Pattern Name Coreldea Representative  Assessment
Task
Heritage Algorithm Mathematical principlesin art &| Analyse symmetry in traditional
design weaving; apply fractal geometry
Eco-Innovation Sustainability via local| Construct solar dryer using
materials bamboo or clay tiles

Community Engineering | Solving community challenges | Design low-cost water filters
from local resources

Artistic STEM Expressive creativity & | Build instruments applying
technical design sound-wave physics

The study identified four recurring design patterns that illustrate how indigenous knowledge can be
meaningfully integrated into CBC-aligned STEM assessment. Thefirst pattern, Heritage Algorithm,
draws on the mathematical principles embedded in traditional art and design. Tasks under this pat-
tern encourage learners to analyse symmetry, proportionality, and recursive structures present in
cultural artefacts such as woven mats, beadwork, or mural patterns. For example, an assessment may
require students to examine the geometric logic behind a traditional weaving design and then apply
concepts of fractal geometry or transformational symmetry to model or recreate the pattern. This
approach promotes mathematical reasoning while validating cultural artistry as asource of authentic
STEM knowledge.

The second pattern, Eco-Innovation, centres on sustainability and the creative use of locally availa-
ble materials. Here, learners engage with ecological knowledge and renewable materials that reflect
community practices. A representative assessment task might involve designing and constructing a
solar dryer using bamboo, clay tiles, or other indigenous resources. Through such tasks, learners
demonstrate competence in energy science, materials engineering, and environmental stewardship,
while exploring contextually relevant solutions to real problems. The third pattern, Community En-
gineering, positions learners as problem-solvers addressing practical challenges within their com-
munities. Tasks in this category require the application of scientific and engineering principles to
develop low-cost, locally appropriate technologies. For instance, |earners may design awater-filtra-
tion device using natural materials such as charcoal, sand, and gravel, drawing from both indigenous
techniques and scientific testing. This pattern highlights CBC’s emphasis on functionality, collabo-
ration, and social responsibility.

The fourth pattern, Artistic STEM, blends expressive creativity with technical design. It recognises
that artistic traditions are deeply intertwined with physics, acoustics, structural design, and material
science. An illustrative assessment might ask students to build a ssmple musica instrument—such
asadrum, shaker, or stringed device—using local materialswhile explaining how sound-wave phys-
ics influences pitch, resonance, and vibration. This pattern encourages learners to merge aesthetic
expression with scientific explanation, embodying a holistic approach to competence devel opment.

Together, these patterns show how indigenous resources can anchor STEM learning in culturally
meaningful, interdisciplinary, and practically oriented assessment tasks that fully align with the
goals of the Competence-Based Curriculum.
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Each design pattern simultaneously addresses several key CBC competences, offering a multidi-
mensional learning experience. Cognitively, the patterns promote deeper understanding of STEM
concepts by situating abstract ideas within familiar cultural frameworks. Psychomotor skills are
strengthened as learners manipulate local materials, construct artefacts, and engage in hands-on ex-
perimentation aligned with real-world practices. The affective dimension is activated through cul-
tural affirmation, increased motivation, and a sense of belonging that emerges when learners see
their heritage valued in the classroom. In addition, the patterns cultivate entrepreneurial competence
by encouraging learners to recognise the economic potential of indigenous technologies and crafts,
inspiring them to design marketable innovations rooted in local knowledge systems. Collectively,
these competencies reflect the holistic intent of CBC, where learning is not isolated to academic
mastery but extends to practical capability, personal identity, and community-responsive creativity.

8. Recommendations and I mplications

Policy
a.Include indigenous-resource guidelines in CBC assessment syllabi.

b.Support local teacher-resource networks to document safe material alternatives.

Practice

a.Use project-based learning incorporating indigenous artistry. b.Moderate tasks for cultural sen-
sitivity and local feasibility.

Implications

Integrating indigenous knowledge elevates STEM assessment from imitation to innovation, anchor-
ing education in African identity and sustainability.

9. Conclusion
At its core, the Competence-Based Curriculum (CBC) must not only measure what |earners know,

but also celebrate what they can do with the collective knowledge, materials, and wisdom of their
communities. When assessments draw meaningfully on indigenous resources, they transform
learning into an active, culturally grounded process that allows learners to demonstrate creativity,
problem-solving, collaboration, and real-world application. Such cross-disciplinary integration
illustrates competence in its fullest form—where cognitive understanding merges with practical
skill, cultural identity, and community relevance. It affirms that African heritage is not peripheral
to STEM, but avibrant source of algorithms, materials science, ecological knowledge, artistic
geometry, and engineering ingenuity. By embedding these Indigenous Knowledge Systems into
CBC-aligned assessment, educators cultivate learning experiences that are cregtive, inclusive,
sustainable, and authentically African, while empowering learners to innovate from the strengths

of their own heritage.
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ABSTRACT

A variety of teaching and learning strategies have been implemented to explore how learners
can be actively engaged in deep learning to devel op knowledge and skills. This study employed
a case study research design to collect data from classroom observation, focus group discussion,
and document review from 109 Grade Five (Primary Five) students purposively selected from
one school of Nyamasheke district, Rwanda. Data were analyzed thematically. The findings re-
vealed in students’ beliefs that PjBL makes abstract concepts more concrete by allowing students
to apply acquired concepts in real world situations. It was found that through PjBL, students’
skills to collaborate and communicate mathematics concepts were enhanced. The study aso
highlights the importance of students’ engagement as a pillar of active learning. The students’
adaption to useinstructional materialswas enhanced, but thisskill isstill at alow level, as shown
by the results from document analysis. A gap was also found in students’ ability to ask or answer
guestions during or after the presentation, preventing their critical thinking. The study recom-
mends the teacher’s training and provision of enough, local, and contextualized instructional
materials to bridge concepts with reality and make mathematics more relevant to students.

Keywords

; Communication skill, creativity skill, critical thinking skill, project-based learning, real-world
problem solving.

I ntroduction

Mathematicsis known for its privileged role of being used as atool to solvereal-life problems. That
reason mathematics is known as a tool often used in different science and engineering disciplines.
Mathematics plays a crucial role in a country’ s economic development. This is because a nation's
economic growth depends on producing mathematically literate man powers (Ministry of Education
[MINEDUC], 2018). For instance, many Western countries such as France, the United Kingdom,
Belgium, United States of America fall far behind the economies of East Asian countries such as
Singapore, China, Taipei, and Korea, whose student’s achievement in mathematics is higher
(Bethell, 2016). The improvement of mathematics instruction at both primary and secondary levels
iscrucia for the country to be competitive at the global economic level.

A variety of teaching and learning strategies have been implemented to explore how learners can be
actively engaged in deep learning to develop knowledge and skills. According to Ukobizaba et al.
(2019), mathematics researchers must conduct research on the application of mathematics at differ-
ent grade levels to help researchers and practitioners understand the relevance of mathematics
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concepts in real-life situations. In this regard, Verschaffel et a. (1999) created twenty problem-
solving-oriented lessons for grade five learners for over four months. Also, Cakici (2013) employed
project-based practices to ivestigate the effect of Project-Based Learning approach on children’s
achievement and attitude in science. These researchers aimed to determine the effect of active learn-
ing strategies on students’ performance and real-world problem-solving abilities. The present study
was interested in the use of the project-based learning method as one of the learner-centered ap-
proaches that enhance students’ active learning towards students’ knowledge and skills develop-
ment.

Project-based learning is an instructional methodology that has gained significant attention recently
due to its potential to enhance students’ knowledge and skills development in different subjects.
Project-based learning presents a viable and effective pedagogical approach to promoting active,
meaningful, and contextualized learning experiences (Han et al., 2016) as opposed to the traditional
methods, which often emphasize rote memorization and procedural fluency. Instead, PiBL helpsto
bridge this gap by providing concrete, hands-on experiences that make mathematics more accessible
and relevant to students’ lives (Haatainen & Aksela, 2021).In mathematics education, PjBL can help
students understand complex concepts by connecting abstract mathematical ideas to rea-life situa-
tions, enhancing their comprehension and retention of knowledge(Cakici, 2013; Pan et al., 2021).In
addition, this teaching strategy encourages active learning, critical thinking, and applying
knowledge in practical contexts, making learning more engaging and effective (Han,, et a., 2016).

The introduction of PjBL in mathematics education aligns with Rwanda’s broader educational goals,
which include promoting active learning, critica thinking, and the practical application of
knowledge (MINEDUC, 2018). Within the samevein, integrating PiBL into mathematicsinstruction
supports the goals of the competence-based curriculum (CBC) which intends to foster cognitive,
creativity, and social skills such as collaboration and communication (Khalaf & Alshammari, 2023).
In this context, PjBL allows students to learn collaboratively from one another and benefit from
diverse perspectives, which is particularly important in classrooms where students may have varying
levels of prior knowledge and skills (Juuti et al., 2021). Additionally, the focus on real-world math-
ematics applications can help clarify the subject and reduce mathematics anxiety, which is a com-
mon barrier to student success (Ukobizaba et al., 2021). Thus, PiBL has the potentia to provide
students with opportunities to apply the acquired knowledge in the classroom by engaging them in
meaningful learning experiences.

Because learning by doing produces more lasting results than simply listening to a lesson (Pan et
al., 2021).Students can acquire knowledge and skillsthat are more permanent and make mathematics
concepts more relevant by implementing different projects by students. In thisway, students have a
chance to materialize abstract concepts, gather examples from real life, and relate those examplesto
various disciplines. Through social-constructivism theory, students are provided opportunities to
interact, identify problems, discuss about the issues, and suggest solutions. According to social con-
structivism, socia elements influence the way groups of individuals construct their understanding
and formal knowledge while engaged in learning processes (Han, et al., 2016). Tofill the gap linked
to traditional teaching method whereby students simply memorize abstract concepts, a case study
research design was employed to investigate the effectiveness of the PjBL approach on students’
knowledge and skills development. By exploring the knowledge and skills students gain, this study
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aims to understand the students’ perceptions and experiences related to PjBL. The following re-
search questions guide this study:

1.What are the knowledge and skills developed in students due to project-based learning
incorporation into mathematics instructions?

2.What are the challenges experienced by students during mathematicsinstructions  through
project-based learning?
3.How should project-based learning be effectively incorporated to enhance students’
knowledge and skills development?

M ethodol ogy

Research design

This study employed a case study research design (Cresswell, 2018) to explore the students' lived
experiences when exposed to project-based |earning pedagogy. Mixed methods were used to collect
both qualitative and quantitative data. A case study provides a rich context, making it possible to
explore variablesin real -life settings that might be difficult to examine through other research meth-
ods (Flyvbjerg, 2011). By adopting a case study, this study provides a nuanced understanding of
challenges linked to the incorporation of project-based learning teaching methods in mathematics
instructions and the adequate measures necessary to implement this innovative pedagogy effec-
tively.

Participants, sampling, and setting

A qualitative case study was employed in one selected secondary school in Nyamasheke district,
Western province of Rwanda. This school holds 12 years of basic education (12YBE). The school
has different educational levels, including pre-primary, primary, lower secondary, and advanced
level. The school was purposively selected because it has a primary school level. In addition, the
school was selected because it is located in the researcher’s neighborhood, which financially facili-
tated the main author to collect data on aregular basis. The study Employed 119 P5 students (54
boys and 65 girls). They were in the third term of the 2023-2024 Academic Y ear. These students
were taught Units 11 and 12. The content for Unit 11 is “Drawing and constructing angles,” while
for Unit 12, the content is “Interpreting and constructing scales drawing”. The study involved a
teacher who was purposively selected because he is teaching mathematics in the upper primary at
the selected school.

Research I nstruments

A Lesson Observation Tool for Project-based Learning (LOTPBL) was developed by the main au-
thor and used to collect data. Thetool was devel oped based on social constructivism learning theory
(Jumaat et al., 2017; Nwafor et al., 2012). The social constructivism learning theory contends that
peopl e construct knowledge socially through collaboration and communication (Akpan et a., 2020).
To check the instrument reliability, the main author and three research assi stants watched and rated
three videos independently. The IRR generated in the second phase was 88% with a Cohen Kappa
coefficient of 0.8. This value of Kappa is a strong level of agreement indicating that the tool is
worthy to collect reliable data (McHugh, 2012). The tool is made of 25 items. Each item has two
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options, “Yes” or “No” under which the cell is marked to inform whether an activity “occurred” or
“did not occur” respectively, during instructions.

Data collection and analysis

Thedatacollection processfollowed professional practicesand ethical considerations. Thisinvolved
obtaining a research clearance letter from the UR-CE Research Screening and Ethics Clearance
Committee (RSEC-C) through the University of Rwanda Directorate of Research and Innovation
(UR-DRI) with reference number Ref: DRI-CE/031(a)/EN/gi/2024. Before data collection, the par-
ticipant teacher signed an informed consent. The participants were ensured of trustworthiness, con-
fidentiality, and anonymity during the research process. Items from LOTPBL had two options,
“Yes” or “No” which were scored “1” or “0”, respectively. Thematic analysis was used for qualita-
tive data obtained from FGD and documents (students’ notebooks). Taguette software was used to
analyze qualitative data (Rampin & Rampin, 2021).

Results

The results are presented based on six themes identified based on data collected from classroom
observations, FGDs, and document analysis. (1) Students enhanced conceptual understanding due
to project-based learning, (2) Students’ communication during project-based learning instructions,
(3) Students’ adaptation and creativity during project implementation, (4) Experienced challenges
during mathematics instructions, and (5) Effective implementation of project-based learning in
mathematics instructions. Results are presented following the research questions.

Theme 1: Students enhanced conceptual understanding

Project-based learning helps students develop both conceptual and practical skills through real-
world problem solving. Through hands-on projects, students develop conceptual understanding of
mathematics by applying them in real contexts rather than memorizing them. At the beginning of
exposing students to PjBL, students showed alow level of conceptual understanding. For instance,
students marked randomly angles within shapes as long as the total interior sum up to 360 degrees.

Figure 1: Student’ work activity about interior angles within a rectangle and a trapezium

As shown in Figure 1, for two figures; a rectangle and a trapezium, students put incorrect angles
within the shapes. However, the sum of interior anglesis 360 degrees. This showsthat students have
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memorized the concept and lack skills in measuring angles correctly using mathematics tools. Pro-
ject-based learning plays a crucial role in providing students with opportunities to use different in-
structional materials while implementing projects and solving real-world problems. Through the
intervention by the researcher in collaboration with the teacher participants, students were supported
and showed how to use materials needed for the project effectively. The following is an example
(Figure 2) showing where a student marked correct angles after drawing the land plot in a notebook.

Figure 2: Student’ work showing the correct measurement of angles

Figure 2 represents the students’ work about measuring angles in 2D-shape. Students measured and
put the interior angles of the shape. While measuring, students learned at the same time the concept
of finding the sum of interior angles of any quadrilateral, which adds to 360 degrees. In this regard,
students have transferred the knowledge acquired in classto rea situations and vice versa. The stu-
dents’ effective use of instructional materials is still at a critical level. These results indicate that
students were not confident enough to use and interact with instructional materials.

Project-based learning gradually impacts learning. The learning progress is often seen over time as
students become more accustomed to the method (Pan et al., 2021). PjBL helps students deepen
their conceptual understanding through engagement with authentic problems (Miller & Krajcik,
2019). PiBL enhances conceptual learning; more structured support is needed when it comes to
technical skill development, such as using mathematical instruments (Haatainen & Aksela, 2021).

Theme 2: Students’ communication, during project-based learning instructions

Unlike the traditional teaching methods, PjBL actively involves students in meaningful tasks requir-
ing students’ teamwork, collaboration, and critical thinking. The results from classroom observation
showed that students were actively engaged and collaborative in implementing their project. For
instance, students worked together to solve problems, such as ensuring the sum of measured angles
added up to 180 degrees for atriangle and 360 degrees for a quadrilateral. The spirit of teamwork
was also shown in students when they contributed ideas and discussed their findings before the
presentation. This collaboration justifies the effectiveness of PjBL in enhancing teamwork and col-
laboration (See Figure 3).
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Figure 3. Observed students’ skills in communication during project-based learning instructions

Figure 3 presents observed students’ communication. The results from Figure 3 show that student
interaction was extremely well done, with 3.2 out of 4 scores. Thiswas followed by students sharing
ideas and working together, also found to be very well done with 2.9 out of 4 scores. However,
students’ abilities to use instructional materials, asking and answer asked questions were scored at
2.6 and 2.1 out of 4 scores, respectively. These results are at a medium level and inform that there
is a need for improvement. Project-based learning is known for creating a collaborative learning
environment where students critically think through discussions to find solutions to problems.

The results from the classroom observation have shown an emphasis on the active and collaborative
nature of Project-Based Learning (Khalaf & Alshammari, 2023). Han, Capraro, et al. (2016) ob-
served that PjBL fosters student engagement through hands-on activities. Students using resources
like protractors and rulers during PjBL also reinforces the notion that authentic tasks help learners
to connect theoretical knowledge with real-world applications (Sukacké et al., 2022). As was also
confirmed during focus group discussions with students, collaboration and communication stood out
as major benefits of PjBL, whereby students reported that they found it easier to work together and
explain mathematical ideas during group tasks. This learning environment echoes findings from
socia learning theories, which suggest that peer interaction and collective problem-solving play a
critical rolein cognitive development (Dowell et al., 2020).

Theme 3: Students’ creativity during project implementation

An effective use of the mathematics tools enhanced students’ ability to apply mathematical concepts
in practical scenarios, which reinforced their learning outcomes. Although students struggled with
using mathematical tools, students demonstrated creativity and improvisation in using available ma-
terials after assistance from the participant teacher and peers. For instance, students managed to fix
sticks and tie a rope/thread with a little assistance to make the land plot into either atriangle or a
rectangle shape. Students managed to convert measures from meters to centimeters. Students were
trying to take aruler appropriately to draw diagrams (measurements of the class).
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Figure 4. Observed students’ skills in creativity during project-based learning instructions

Figure 4 shows the students’ creativity during the project implementation. The students’ adaptation
looked at the extent to which students use instructional materials correctly, their abilities to use
different ways while finding solutions, and their abilities to apply learned concepts to real-world
situations. The results showed that the students’ adaptation is at a medium level since none was
scored at 3 out of 4 and above. A very low level was found on the item of students’ confidence and
ability to use different ways in finding solutions scored 2.1 out of 4. These results indicate the lec-
turing method often used in schools, which often promotes students to memorize procedures.

Theme 4: Experienced challenges during mathematics instructions

Despite the overall positive experience with PiBL, several challenges were observed. While partic-
ipating in PjBL activities, students faced several challenges, such as disagreements within groups,
difficulties in presenting their work, and unfamiliarity with using instructional materials such as
rulers and protractors. During a focus group discussion, Student One declared,

“Presenting in a class was a challenge. Some were worried about what they were going to be pre-
sented. Sometimes, we could forget what to present. We could not respect real measurements.”For
some, measuring angles and handling the protractor was particularly challenging, asthey struggled
to hold the tools correctly or read the measurements accurately (FGD: 17 February 2025).”

Another reported challenge was students’ difficulties in measuring land plot lengths and angles ac-
curately. Common issues included confusion between meters and centimeters, difficultiesin holding
a protractor correctly, and problems in pulling and securing a rope for measuring land plots. For
instance, Student Two during FGD reported,

“Measuring 90 and 45 degrees using a protractor was a challenge at first. Any angle we measured,
we recorded 90 degrees. We could not hold the protractor appropriately. The teacher came and
showed us how to measure effectively using a protractor. We showed the teacher what we wrote in
our notebooks. When the teacher finds it wrong, he corrects it (FGD: 17 February 2025).”

Additionally, some students found it difficult to present their findings in front of the class, which
led to anxiety and hesitation. Students explained, “Although we had to agree on what to present,
none was ready to write the work and present. In Mathematics, it was the first time for us to present.”
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The reported challenges by students highlight the need for more practice and support in using math-
ematical tools and building in students ' confidence in public speaking.

Theme 5: The effective implementation of project-based learning in mathematics instructions
Students showed the ability to propose a project. Students showed what an ideal PjBL should look
like for them. In their explanations, students recognize the relevance of real materials during the
instructions. They are aware that using real instructional materials enhances their conceptual under-
standing. Giving an example of Unit 11 (Constructing and measuring angles), students argued that
a mathematical set is an important need. Giving an example on Unit 9 (money), students advised
that the teacher should bring real money. Students said that the teacher can propose a project entitled
“Saving”. To implement the project, the teacher can create a scenario where one student will act as
abuyer and another a seller. The student Four during FGD argued,

“For example, the next unit is Unit 9: Money. The teacher should bring real money (cash). The
teacher should teach using real objects whenever possible. The teacher can create a scenario. For
instance, the teacher can give 20000 Frs to a student and ask that the student take 5000 Frs and
assume that it is used for transport. The teacher can ask students to find the remaining money (the
balance) in hand (FGD: 17 February 2025).”

To effectively implement PjBL, enough relevant materials should be available for students to use.
Theteacher, as afacilitator of the lesson, should aways support students and show them how to use
different instructional materials. Research suggests that while PjBL fosters independent learning,
some students may struggle with technical tasks without sufficient scaffolding (Aldabbus, 2018).
Therefore, teachers are expected to play acritical role in bridging this gap by providing additional
support and feedback during the learning process. This will highlight the balance required in PiBL
between student autonomy and instructional support, ensuring that students engage with the content
and master the necessary skills to apply their knowledge effectively.

Conclusion and implications

The results of this study highlight the effectiveness of Project-Based Learning (FjBL) in fostering
students’ knowledge and skills development. Students believe that PJBL contributes greatly to their
conceptual understanding, making learning vital while solving real-world problems and preparing
them for future career success. The active participation and hands-on activities observed in the class-
room demonstrate that PjBL creates a dynamic and interactive learning environment where students
can better understand abstract mathematical concepts through real-world applications. However,
challenges such as the correct use of mathematical tools, like protractors and rulers and other math-
ematics tools, revea the need for additional guidance in specific skill development. Thus, while
PjBL promotes conceptual understanding and structured support from teachers, the provision of suf-
ficient instructional materials is crucia to help students accurately apply their knowledge. From a
policy perspective, educational systems should consider incorporating PjBL more widely across the
curriculum to foster student communication and real-world application of mathematical concepts.
This study recommends teacher training programs include specialized sessions on scaffolding tech-
niques for PJBL. This study was conducted in one school selected from the Nyamasheke district,
which may not allow the generalizability of findings.
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ABSTRACT

Education is a cornerstone of national development and individual empowerment. In Zambia,
the implementation of free education from early childhood to secondary level demonstrates a
commitment to inclusivity and equity, aligned with Sustainable Development Goal 4 and the
Continental Education Strategy for Africa (CESA). Rapid enrolment growth has strained the
capacity of learning institutions to maintain safe, functional infrastructure, compromising teach-
ing and learning quality. This study explores how integrating Preventive Maintenance (PM) into
STEM education can address these challenges by promoting infrastructure resilience, environ-
mental sustainability, and indirectly supporting climate-change mitigation. Drawing on African
knowledge systems and communal care practices, PM is reframed as both a technical necessity
and a pedagogical strategy to cultivate responsibility, sustainability, and ecological awareness
among learners. Despite Zambia’s national maintenance policy since 1977, neglect of school
infrastructure, often due to perceptions of maintenance as peripheral, limits hands-on skills de-
velopment. Embedding PM into the curriculum transforms maintenance into experiential learn-
ing, strengthens competence-based education, and fosters indigenous values of stewardship.
Practices such as energy-efficient use, repair-based culture, waste reduction, and sustainable
material management conceptually support climate adaptation and mitigation, though their
guantitative environmental impact is hot measured in this study. The objectives are to (@) de-
velop context-appropriate PM strategies for schools, (b) enhance human resource capacity
through STEM-aligned training, and () promote cost-effective, locally informed maintenance
systems. Findings highlight the need to decolonize STEM education by institutionalizing Afri-
can sustainabl e practices that equip learners with modern competencies grounded in cultural and
ecological resilience. This approach reinforces Zambia’s education reforms and advances the
national vision of “caring for and handing over the best” to future generations, while implying
potential contributions to climate-smart school management.

Keywor ds: Preventive Maintenance, STEM Education, Learning Institutions, Sustainability,
Infrastructure Resilience, African Knowledge Systems

1.Introduction

Education is not only afundamental human right but also akey instrument for national development
and individual empowerment. In Zambia, the implementation of the free education policy reflects
the nation's alignment with global goals like SDG 4 and Agenda 2063. However, the expansion of
enrolment has not been matched by sustainable infrastructure investments. The neglect of mainte-
nance has led to deteriorating institution environments. This paper argues for the integration of Pre-
ventive Maintenance (PM) into STEM education as both an infrastructure sol ution and a pedagogical
tool that draws from indigenous practices and promotesresilience and responsibility among learners.
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Preventive Maintenance (PM) in a STEM educational institution is the systematic, scheduled, and
documented performance of inspection, cleaning, calibration, lubrication, part replacement, and mi-
nor adjustments on equipment, tools, instruments, and facilities before failure occurs, to ensure op-
erational reliability, safety compliance, accuracy of results, and longevity of assets in support of
uninterrupted hands-on learning, research, and innovation activities (STEM Education Maintenance
Task Force. (2025).

1.1.Rationale and Policy Alignment

To strengthen this integration, the study draws upon the following national and international poli-
cies: Zambia’s 1977 Education Reforms laid an important foundation for the integration of produc-
tive work into ingtitution life. These reforms recognized the value of combining academic learning
with practical activities to develop well-rounded learners equipped with both intellectual and tech-
nical skills. A critical aspect of this vision was the emphasis on teacher professionalism, ensuring
that educators were not only content experts but also facilitators of practical, skill-based learning.
Building on this philosophy, the national education policy "Educating Our Future' (1996) further
recommended that infrastructure maintenance be treated as a necessary and planned activity within
the institution system. It emphasized that maintenance should be budgeted for and integrated into
the curriculum to provide learners with hands-on experiences in real-world problem-solving, espe-
cially within science, technology, engineering, and mathematics (STEM) disciplines.

Zambia’s Vision 2030 builds on these earlier reforms by identifying poor infrastructure maintenance
asamajor barrier to achieving quality education. It promotes the integration of technical and voca-
tional education and training (TVET) as a strategy to equip learners with practical skills necessary
for national development. Preventive maintenance, in this regard, is seen as both a necessity for
sustaining educational facilities and a valuable learning opportunity in technical fields. Thisvision
is further operationalized in the Eighth National Development Plan (8NDP) for 2022—-2026, which
highlightskey priorities such as skills devel opment, environmental sustainability, and theintegration
of information and communication technologies (ICTs) into education. The 8NDP calls for im-
proved infrastructure management and the creation of conducive learning environmentsthat prepare
learners for the challenges of a modern economy. At the continental level, the African Union’s
Agenda 2063 envisions askills revolution driven by the expansion of STEM education, emphasizing
self-reliance, entrepreneurship, and sustainable devel opment. It encourages African countries to in-
vest in education systems that are responsive to societal needs and capable of producing innovators
and problem-solvers. In aignment with this vision, the global Sustainable Development Goa 4
(SDG 4) callsfor inclusive and equitable quality education and promotes lifelong learning opportu-
nitiesfor al. A key target under this goal is the provision of safe, non-violent, inclusive, and effec-
tive learning environments, which includes the regular maintenance of infrastructure as a critical
component of a functional education system. Together, these policies underscore the strategic im-
portance of preventive maintenance not only for preserving infrastructure but also as an educational
tool that reinforces practical learning, enhances safety, and supports the broader goals of national
and international development agendas.

1.2.Statement of the Problem

Despite the presence of the 1977 maintenance policy, most institutions in Zambia suffer from ne-
glected infrastructure, furniture and Surroundings. Maintenance is rarely incorporated into the
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teaching process and is often reactionary and punitive. This disconnect hinders effective learning,
wastes resources, and prevents the development of skills necessary for national development.
1.3.0bjectives of the Study

This study amsto:

1.3.1.Develop context-responsive maintenance strategies for Zambian education institutions

1.3.2.Enhance human resource capacity through preventive maintenance literacy.

1.3.3.Promote sustainable infrastructure practices rooted in African knowledge systems.

1.3.4.Reposition PM as a pedagogical tool to instil resilience and responsibility in learners.
1.4.Study Population

The research was conducted in 10 government STEM Learning institutions in all the 10 Provinces
of Zambia aswell as the Directorate of National Science Centre.

1.5.Sample size

The study targeted atotal of 15 participants comprising Heads of Departments (HODs), STEM sub-
ject teachers, and technical officers from the Directorate of the Nationa Science Centre. These par-
ticipants were selected due to their direct involvement in the planning, implementation, and mainte-
nance of STEM-related infrastructure and learning programs

1.6.Sampling Technique

A purposive sampling technique was employed in this study. This method was chosen because it
allowed the researcher to intentionally select participants who possess relevant knowledge, experi-
ence, and expertise in STEM education and preventive maintenance activities. This approach en-
sured the collection of in-depth and contextually rich data essential for the study’s objectives.

1.7.Data Collection Methods

Data were collected using qualitative approach to ensure a comprehensive understanding of the
study objectives. The following tools and methods were used:

1.7.1.Questionnaires. Structured questionnaires were administered to Heads of Departments and
STEM teachers to gather quantitative data on their perceptions, practices, and challenges re-
lated to preventive maintenance in STEM learning environments.

1.7.2.Interviews. Semi-structured interviews were conducted with technical officers from the Di-
rectorate of the National Science Centre to obtain in-depth insights into the implementation
and monitoring of maintenance programs in schools.

1.7.3.0Observation Checklists: On-site observationswere carried out in selected STEM institutions
to assess the condition of infrastructure, laboratory equipment, and other learning facilities.
This helped to validate information gathered through questionnaires and interviews.

1.7.4.Document Review: Relevant documents, including maintenance logs, monitoring reports,
and policy guidelines, were reviewed to support and triangul ate the data obtained from partic-
ipants.
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2. Literature Review

2.1.Literature Review: The Zambian Per spective

In Zambia, the issue of infrastructure maintenance in education has received minimal scholarly at-
tention despite being arecurring challenge in government reports and sector reviews. Whilethe 1977
maintenance policy introduced by the Ministry of Education provides anational framework for asset
management, its application within the education sector has remained inconsistent and largely un-
der-implemented. Most institutions operate on a reactive maintenance basis, often waiting for dam-
age to escalate before repairs are made. Thisis partly due to budgetary constraints, lack of skilled
personnel at theinstitution level, and the absence of structured preventive maintenance education in
teacher training and STEM curricula (MOE, 1996; 2020).

The Ministry of Education’s “Educating Our Future” (1996) policy document recognized the need
for integrating maintenance into institutional operations, proposing that physical upkeep be seen as
part of students’ practical education. However, this recommendation has not been translated into
actionable curriculum or programming in most schools. The Vision 2030 document further under-
scores the role of infrastructure quality in learning outcomes, noting that neglect of institutional
assets diminishes learner safety and the overall educational experience.

Furthermore, institutional monitoring reports by the NSC (2023-2024) reveals that even newly in-
stalled laboratory workspaces deteriorate quickly due to improper use and lack of maintenance rou-
tines. Thisindicates adisconnect between infrastructure provision and sustai nability planning. Some
L earning institutions with proactive |eadership have devel oped informal systems where Design and
Technology students refurbish furniture or repair broken fixtures as part of coursework, but these
are exceptions rather than the norm.

From a cultural perspective, Zambia's indigenous knowledge systems, particularly among Bemba,
Tonga, and Lozi communities, have long emphasized communal responsibility for public infrastruc-
ture through practices such as ukubokola (communal cleaning or weeding) and kusungilila (caretak-
ing). These practices can be repurposed within modern institutional management systems to foster
a sense of ownership and sustainability. Y et, current institutional operations and policies rarely in-
tegrate these indigenous model s into formal maintenance practices, despite their alignment with val-
ues such as environmental stewardship, care, and collective responsibility.

Overal, while Zambia has made policy-level commitments to infrastructure resilience and voca
tional education, there remains a significant gap in the integration of Preventive Maintenance into
STEM education. Bridging this gap requires aligning national policies, indigenous knowledge, and
curriculum design to create a new paradigm of education that is not only theoretical but also hands-
on, locally relevant, and sustainable.

2.2.0perational measurements. PM compliancerate

The PM Compliance Rate serves as the cornerstone metric for evaluating the effectiveness of pre-
ventive maintenance (PM) practicesin Zambian STEM educational institutions, quantifying the per-
centage of scheduled maintenance tasks completed on time within a single academic semester.

It is calculated using the formula:
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f PM Task leted hedul
PM Compliance Rate (%) = (# ° asks Completed on Sche ue) x 100

Total # of PM Tasks Due in Semester

Figure 1 PM compliance formula

This indicator reflects institutional discipline, resource prioritization, and cultural commitment to
shifting from reactive repairs to proactive asset care. In a context where the Ministry of Education’s
1977 maintenance policy and the 1996 Educating Our Future framework have long emphasized
infrastructure upkeep but remain under-implemented due to budgetary limitations and skill gaps,
achieving a > 90% compliancerate per semester emerges asatransformativetarget. Thisbenchmark,
aligned with international best practices and Zambia’s Vision 2030

goals, ensures laboratory reliability, enhances learner safety, and sustains the functionality of high-
value STEM assets such as 3D printers, CNC machines, and fume hoods. Current NSC monitoring
(2023-2024) reveals average compliance below 45% in supported schools, underscoring the ur-
gency of this standard. Ultimately, a sustained > 90% PM compliance rate is not just a technical
goal; it is a measurable pathway to transforming Zambia’s STEM learning environments into models
of sustainability, ownership, and educational excellence.

3. Findings and Discussion

The study demonstrates that most learning institutions rely on reactive maintenance, which compro-
mises both safety and infrastructure longevity. Integrating PM into STEM education not only im-
proves facility reliability and hands-on learning opportunities but also fosters environmentally con-
scious practices. Although this study does not quantitatively measure climate outcomes, PM activi-
ties such as energy-efficient operation of eectrical systems, timely repair of equipment, and sustain-
able management of furniture and waste imply a reduction in carbon emissions, resource consump-
tion, and environmental degradation. For instance, repairing furniture and lab equipment extends
their life, reducing demand for new materials and lowering the embedded environmental footprint.
Similarly, maintaining green spaces and water systems conceptually promotes biodiversity and mi-
croclimate regulation. By embedding these practices into experiential learning, students develop
environmental awareness and a culture of sustainability, creating an indirect pathway toward climate
adaptation and mitigation. The findings suggest that systematically institutionalizing PM, in combi-
nation with teacher training, student engagement, and community partnerships, can simultaneously
enhance STEM learning outcomes and encourage climate-conscious behaviour.
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3.1.PM done on Infrastructure, furniture and surroundings

Figure 2 Findings on the PM on infrastructure, furniture and surroundings

The analysis of the graph on Preventive Maintenance (PM) activitiesin Learning institutionsreveals
critical gaps across al six measured components, underscoring the need for systematic and coordi-
nated improvements. The findings show that preventive maintenanceis poorly structured and incon-
sistently implemented in most schools. For example, only 20% of Learning institutions have estab-
lished full and proper maintenance schedul es, while another 20% apply them irregularly. A worrying
60% of Learning institutions have no maintenance schedules at al, highlighting weak planning sys-
tems for the upkeep of infrastructure and facilities. This lack of structured scheduling is likely to
contribute to frequent breakdowns and higher long-term repair costs.

Maintenance records also present a significant challenge. Just 20% of Learning institutions keep
comprehensive records, with 30% doing so partially. However, half of the Learning institutions
(50%) do not keep any records, which meansthereislittle accountability, monitoring, or institutional
memory regarding maintenance activities. Without proper documentation, learning institutions are
unable to track progress, identify recurring issues, or make informed decisions for resource alloca-
tion. Similarly, the designation of staff to handle PM activitiesis very low, with only 20% of Learn-
ing institutions having fully assigned personnel, 30% with irregular arrangements, and 50% with
none at al. This demonstrates alack of clear responsibility and accountability in managing mainte-
nance, leaving facilities unattended and prone to deterioration.

Safety measures are aso inadequate. Only 20% of Learning institutions have full safety signagein
place, while 30% provide partial signage. Alarmingly, 50% of Learning institutions lack signage
altogether, raising concerns about the safety of learners and staff in the event of hazards. The in-
volvement of students and teachersin preventive maintenanceisalso minimal. Just 20% of Learning
institutions engage them fully, while 30% involve them irregularly, and 50% show no involvement.
Thislimited participation indicates weak awareness, lack of ownership, and minimal capacity-build-
ing in PM practices, al of which are vital for sustainability.
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Emergency preparedness emerges as the relatively stronger component, with 30% of Learning in-
stitutions being fully prepared and 20% partially prepared. However, haf of the Learning institutions
(50%) still remain unprepared, exposing learners and staff to vulnerabilities in the face of emergen-
cies such as fires, accidents, or natural disasters. While emergency preparedness is comparatively
better, the fact that half of the Learning institutions are still unready suggests systemic weaknesses
in risk management strategies.

Overall, the findings paint a concerning picture of preventive maintenance in schools. Acrossall six
components, between 50% and 60% of Learning institutions fall under the “None/Weak™ category,
meaning that the majority lack proper systems, structures, or practices for PM. Very few Learning
institutions (20-30%) demonstrate full and proper implementation of preventive maintenance. This
shows that preventive maintenance is not yet prioritized as an essential part of school management.
The absence of schedules, weak record keeping, lack of designated staff, poor safety signage, mini-
mal involvement of learners and teachers, and inadequate emergency preparedness collectively point
to significant risks of infrastructure deterioration, compromised safety, and limited resilience against
emergencies. These findings highlight an urgent need for stronger policies, resource alocation, ca-
pacity building, and school-level accountability mechanisms to institutionalize preventive mainte-
nance as a core function in the education system

3.2. PM activities observed

Figure 3 PM activities observed

The graph on Preventive Maintenance (PM) Practicesin Learning institutions as shown in Figure 3.
illustrates how Learning institutions are managing different STEM infrastructure components,
showing three levels of maintenance: Regular PM, Occasional/Reactive PM, and No PM. The find-
ings reveal significant variations across components, with a general trend of more reliance on reac-
tive or occasional maintenance than on structured, regular PM. For Workshop Toolsand ICT Equip-
ment, only about 20% of Learning institutions conduct regular preventive maintenance, while the
magjority, around 65%, rely on occasional or reactive maintenance. About 15% of Learning
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institutions provide no PM at all, which exposes equipment to risks of frequent breakdowns. In Gas
Systems (L abs), regular PM iseven lower, at about 20-25%, with most L earning institutions (around
60%) carrying out occasional/reactive maintenance, and nearly 20% not conducting any mainte-
nance. Thisis a major safety concern, as gas systems are high-risk components that require con-
sistent monitoring.

Storage Facilities (Tools) present a slightly better picture, with approximately 30% of Learning in-
stitutions practicing regular PM and 50% depending on occasional/reactive PM. Still, about 20% of
Learning institutions carry out no maintenance, risking deterioration of learning materials. For
Plumbing and Water Systems, regular PM rises to about 45%, with 40% doing occasional/reactive
maintenance and about 15% having no maintenance at all. This shows progress but still highlights
gapsin ensuring reliable water and sanitation facilities. In the case of Electrical Outlets and Wiring,
only about 45% of Learning institutions conduct regular PM, while 40% rely on reactive measures
and 15% provide no PM. Considering the safety hazards posed by faulty electrical systems, this gap
is significant. Similarly, for Science Laboratory Rooms, around 45% of Learning institutions per-
form regular PM, 35% carry out reactive maintenance, and 20% do none, suggesting that laboratory
safety and functionality are at risk.

The General Surroundings and Furniture show the highest level of regular PM, at about 55%. An-
other 30% rely on occasional/reactive PM, while about 15% conduct no maintenance. Although this
area appears relatively better maintained compared to others, the 15% gap still indicates neglect in
maintaining the overall learning environment. Overall, the findings demonstrate that most Learning
ingtitutions rely heavily on occasional or reactive maintenance across all STEM infrastructure com-
ponents, with only 20-55% consistently conducting regular preventive maintenance. Between 15%
and 20% of Learning institutions do not perform any maintenance at all, especialy in critical areas
like gas systems, electrical wiring, and laboratory rooms, which poses safety and operational risks.
The data underscores the urgent need to strengthen preventive maintenance culture in Learning in-
stitutions by prioritizing structured schedules, assigning responsibilities, and ensuring adequate re-
sources to safeguard infrastructure, improve safety, and extend the lifespan of STEM facilities.

3.3.General Preventive Maintenance

The analysis of general Preventive Maintenance (PM) practicesin STEM schools, based on a struc-
tured set of questions, reveals a blend of proactive initiatives, resource limitations, and institutional
gaps. STEM Learning ingtitutions sampled define PM as a routine or proactive effort to preserve
equipment, infrastructure, and learning environments, focusing on reducing wear and tear, minimiz-
ing equipment failure, and promoting safety. In this context, PM isrecognized as essential to ensur-
ing uninterrupted learning, enhancing student safety, and supporting innovation through hands-on
learning. However, the depth of understanding and prioritization of PM varies significantly across
schools. Learning institutions generally acknowledge the importance of PM, citing its role in ex-
tending the lifespan of tools and equipment, reducing costs, and providing safe, functional learning
spaces. Some Learning institutions note that it helps facilitate creative and practical learning expe-
riencesvital in STEM education. Despite this awareness, the implementation of PM systems varies.
While afew Learning institutions have established formal committees or clubs dedicated to PM—
sometimes even included in school timetables, others rely solely on general school-wide schedules
or address maintenance only when issues arise.
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Responsibility for PM is typically assigned to a combination of stakeholders, including heads of
departments, designated caretakers, teachers, and in some cases, prefects. In several cases, D& T
teachers are mentioned as key drivers of maintenance, often working with learners, particularly in
repairing damaged furniture and tools. In others, the deputy headteacher or science department rep-
resentatives oversee PM routines. Notably, most Learning institutions engage both teachers and
learnersin PM activities, with roles ranging from cleaning to hands-on repair work. This involve-
ment is seen as an opportunity to build responsibility, teamwork, and technical competencies such
as carpentry, metal fabrication, plumbing, and basic electrical maintenance. Despite these efforts,
numerous challenges hinder effective implementation. Chief among them are financial constraints,
which limit the acquisition of tools, equipment, and materials necessary for meaningful PM. Human
resource shortages are a so noted in afew cases, athough some Learning institutions report having
adequate staff but lack the technical knowledge or equipment to perform maintenance effectively.
Other challenges include inadequate cooperation among teachers, lack of proper supervision, and
limited awareness or training on how PM should be conducted.

The consequences of poor maintenance are significant. Learning institutions report disruptions to
teaching and learning dueto faulty tools, dirty environments, or unsafe conditions. Examplesinclude
learners being injured by damaged tools or chemical spills resulting from poorly stored materials.
Malfunctioning or insufficient equipment also limits hands-on learning opportunities, leading to re-
duced engagement and compromised skill development. When asked about national guidelines on
PM, most respondents were either unsure or reported that such guidelines were lacking or unclear.
Conseguently, many Learning institutions operate without standardized procedures, leaving PM to
the discretion of individual Learning institutions or departments. To improve this situation, learning
institutions recommend increased funding, training, clearer guidelines, regular inspections, the es-
tablishment of dedicated maintenance plans, and the appointment of qualified caretakers with rele-
vant trade skills. Finally, involving learnersin PM is widely regarded as beneficial. Educators be-
lieveit promotestechnical skill development, critical thinking, teamwork, and a sense of ownership
over school resources. Such engagement not only supports the goals of STEM education but also
contributes to developing problem-solving abilities and lifelong practical skills. While the im-
portance of PM is well recognized across STEM schools, the practice is uneven due to financial,
technical, and systemic constraints. Strengthening PM in Learning institutions will require coordi-
nated policy support, stakeholder involvement, and investment in infrastructure, training, and equip-
ment.

4.Proposed Concept note for Integrating PM into STEM Education

To effectively integrate Preventive Maintenance (PM) into STEM education, a comprehensive con-
cept is proposed that blends curriculum reform, capacity building, practical engagement, community
collaboration, and policy reinforcement. Thefirst component involves curriculum integration, where
PM topics are deliberately introduced into existing subjects such as Designand Technology (D& T)
andintegrated Sciences. This would ensure that learners acquire both theoretical knowledge and
practical understanding of infrastructure care, sustainability, and technical responsibility as part of
their everyday learning experience. Secondly, the concept emphasizes the importance of teacher
training through targeted in-serviceprograms and professional orientation workshopsthat equip ed-
ucators with the skills and knowledge to incorporate maintenance principles into lesson delivery.
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Teachers would also be trained in using institution infrastructure as a learning resource, promoting
aculture of care and responsibility among learners.

Thirdly, the concept advocates for practical learning projects that actively involve learnersin real -
world maintenance tasks. These could include activities such as refurbishing brokenfurniture, main-
tai ning science laboratory equipment, or\keeping institution gardensand watersystems. Such projects
would reinforce the link between STEM concepts and everyday problem-solving, while also foster-
ing a sense of ownership and discipline among students.

Figure 4 Learners participating in
Preventing Maintenance at a
learning institution

Another key aspectisthe |
introduction of monitoring ©
tools, including &
maintenance  checklists,
logbooks, and digital tracking systems, to ensure routine PM tasks are systematically recorded and

evaluated. These tools would also help Learning institutions assess the condition of STEM facilities
and make informed decisions regarding repairs and upgrades. Community involvementforms a crit-
ical pillar of this model. Learning institutions would actively partner with Parent-Teacher Associa-
tions (PTAS), local artisans, and community elders who possess traditional knowledge and technical
skills. These partnerships would provide mentorship for learners, strengthen local ownership of in-
stitution resources, and promote indigenous maintenance practices that are sustainable and cost-
effective.

Figure5 Learners
participating  in
JETS
Competitionsas a
formof PM in
& learning
© ingtitutions

The concept

. cals for .
! policy L C.

reinforcement by revisiting and updating the 1977 Education Reforms to place greater emphasis on
infrastructure education, environmental sustainability, and skill development. This policy shift
would institutionalize PM within the national education framework and align Zambia’s educational
objectiveswith global sustainability goals, including SDG 4 and Agenda 2063. Together, these strat-
egies provide a holistic approach to embedding preventive maintenance into STEM education—
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enhancing not only the longevity of institution infrastructure but also the technical competence, re-
sponsibility, and sustainability consciousness of future generations.

Figure 6 Strategic note on preventive maintenance for Zambian Learning institutions

5.Preventive Maintenance as a Climate Solution

>

i

iR,

»

Ministry of Education
Directorate of National Science Centre

“Let us care and hand over the best”

Preventive maintenance is increasingly recognized as a climate adaptation and mitigation strategy
across multiple sectors. In infrastructure, regular inspections and timely repairs reduce energy con-
sumption, prevent efficiency losses, and minimize greenhouse gas emissions associated with build-
ing degradation (IPCC, 2022). Maintaining roofs, gutters, insulation, electrical systems, and venti-
lation prevent resource waste and prolongs the service life of school facilities, thus reducing the
carbon footprint associated with new construction. In surrounding environments, PM supports the
sustainability of green spaces, tree belts, and school gardens, which purify air, mitigate urban heat
island effects, and promote biodiversity. Likewise, proper maintenance of waste management sys-
tems, including recycling centers and composting spaces, reduces pollution and methane emissions
from landfills.

Furthermore, PM applied to school furniture supports sustainable production and circular econo-
mies. By repairing, repurposing, and maintaining desks, chairs, and laboratory benches, schoolsre-
duce deforestation and limit the demand for resource-intensive new furniture (FAO, 2021). Instead
of discarding damaged items, PM encourages restoration, reducing solid waste and promoting re-
sponsible consumption, in line with SDG 12. Incorporating PM practices into daily school opera-
tions ensures that institutions play an active role in climate action, resource conservation, and envi-
ronmental education.
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6.Proposed Model for Preventive Maintenance implementation

Table 1 Proposed model for PM Implementation

The proposed model for integrating Preventive Maintenance (PM) into STEM education is designed
as a holistic, multi-stakeholder framework that links curriculum reform, teacher capacity-building,
community involvement, and digital monitoring systems to improve infrastructure resilience in
Zambian learning institutions. At its foundation, the model embeds PM concepts directly into the
Design and Technology (D& T) and Science curriculum through structured modul es that teach learn-
ersthe principles of inspection, diagnosis, repair, and sustai nability-based maintenance. Thiscurric-
ular anchoring ensures that PM is not treated as an ad-hoc activity but as a formalised learning
outcome aligned with competence-based education and national devel opment frameworks.

To support curriculum delivery, the model includes teacher training as a core component, recognis-
ing that effective implementation depends on the teacher’s ability to translate PM concepts into
practical, learner-centred activities. Teachers are therefore equipped with technical and pedagogical
skillsfor guiding maintenance tasks, supervising hands-on work, and integrating indigenous African
knowledge systems in line with Zambia’s education policies. These trained educators subsequently
facilitate student-led PM projects, which form the experientia learning element of the model. Pro-
jects may include repairing school furniture, maintaining workshop machines, servicing laboratory
equipment, and managing classroom environments. This approach reinforces technical competence,
problem-solving, responsibility, and a culture of stewardship. A unique feature of the model is the
deliberate inclusion of community artisans and Parent—-Teacher Associations (PTAS). Loca artisans
bring contextual expertisein carpentry, metalwork, electrical systems, or masonry, fostering school—
community partnerships and linking PM learning to local economies. PTAs provide governance
support, resource mobilisation, and oversight, ensuring that PM activities become routine and sus-
tainable rather than episodic. This integration strengthens community ownership of school infra
structure and aligns with African communal value systems that emphasise collective responsibility.

To ensure monitoring, accountability, and data-driven decision-making, the model incorporates dig-
ital PM logs and checklists. These tools are used to track scheduled maintenance tasks, record
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completion dates, monitor compliance, and generate reports for school leaders, district offices, and
national directorates. Digitalisation helps reduce information |oss, supports rea -time tracking, and

creates a structured maintenance culture. According to the model, a PM task is considered compliant
only when it is undertaken on or before the scheduled due date, and the minimum acceptable per-
formance for schools is a >90% PM compliance rate.

When al components work together; curriculum modules, trained teachers, student projects, com-
munity support structures, and digital monitoring, they reinforce one another and create a compre-
hensive system for embedding preventive maintenance in STEM education. The expected outcome
is a generation of learners who are skilled, responsible, environmentally conscious, and capable of
sustaining school infrastructure, while supporting national goalsin sustainability, climate resilience,
and human capital devel opment.

7.Conclusion

Preventive Maintenance (PM), when meaningfully integrated into STEM education, offers a multi-
faceted solution that goes beyond addressing physical infrastructure challenges in schools. It be-
comes a transformative educational strategy that enhances the quality of learning by fostering a
practical, hands-on approach to STEM. By incorporating PM into the curriculum, learners are given
the opportunity to apply theoretical knowledge in real-world contexts, thereby bridging the gap be-
tween classroom learning and everyday life. Thisexperiential learning not only deepens understand-
ing but also cultivates vital skills such as critical thinking, problem-solving, teamwork, and innova-
tion. Moreover, engaging students in the care and upkeep of their learning environments ingtils a
sense of ownership, responsibility, and civic duty. It encourages them to see themselves not just as
consumers of education, but as contributors to the sustainability and functionality of their schools.
In doing so, the integration of PM aligns naturally withindigenous African systems of care, commu-
nal responsibility, and environmental stewardship, which have long emphasized the value of main-
taining shared resources for the benefit of all. Strategicaly, this integration supports key national
and international policy frameworks. It directly aligns with Zambia’s Vision 2030, which empha-
sizes quality education and lifelong learning as pillars of national development. It reinforces Sus-
tainable Development Goal 4(SDG 4) by contributing to the creation of safe, inclusive, and effective
learningenvironments. Additionally, it echoes the aspirations of Agenda 2063by promoting a
skillsrevolutionand self-reliance among African youth, and it iswell-anchored in the Eighth National
Development Plan (8NDP), which highlights the importance of skills development, sustainability,
and innovation in education. Ultimately, embedding preventive maintenance into STEM education
repositions learners as active agents in preserving national resources. It prepares a new generation
that is not only academically competent but also practically skilled, environmentally conscious, and
socially responsible. This approach ensures that the country’s investments in educational infrastruc-
ture and human capital are protected and sustained, laying a solid foundation for long-term national
progress and resilience.

8.Recommendations
8.1.Schools should adopt clear, routine maintenance plans covering al critical infrastructure
and STEM tools, embedding energy-efficient practices and resource-conscious habits.

8.2. There should be away to ring-fence funds for PM, including tools, replacement parts, and
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safety inspections that indirectly reduce environmental impact by preventing premature
replacements and waste.

8.3. Standardized practices should promote sustainable material use, repair-based culture, and
energy-efficient routines, acknowledging the climate co-benefits of effective maintenance.

8.4.Training for staff and students should include awareness of environmental stewardship,
demonstrating how PM practices can indirectly mitigate climate risks and resource

wastage.

8.5. Involving learners in PM reinforces ownership, technical skills, and sustainability literacy,
fostering habits that support climate-resilient thinking.

8.6. Use digital logs and checklists to track not only PM compliance but also encourage
practices that reduce resource consumption, minimize waste, and extend equipment life.

8.7. Engage PTAsS, artisans, and local elders to integrate indigenous, sustainable practices into
PM activities, promoting low-carbon and locally adapted solutions.

8.8. Emphasize the dua benefits of PM for infrastructure resilience and environmental
sustainability, clarifying that climate impact is conceptual and qualitative, guiding future

empirical studies.

References

African Union. (2015). Agenda 2063: The Africa We Want. Addis Ababa: African Union Commission.
https://au.int/agenda2063

Central Satistical Office. (2021). Zambia 2020 Education Statistical Bulletin. Lusaka: Ministry of Education.

Ministry of Education. (1996). Educating Our Future: National Policy on Education. Lusaka: Government of the
Republic of Zambia.

Ministry of Education. (1977). Educational Reformsin Zambia: Education for Development. Lusaka: Govern-
ment Printer.

Ministry of Finance and National Planning. (2022). Eighth National Development Plan (8NDP) 2022-2026. Lu-
saka: Government of the Republic of Zambia.

Ministry of National Development Planning. (2006). Vision 2030: A Prosperous Middle-Income Nation by 2030.
Lusaka: Government of Zambia.

Sustainable Devel opment Goals. (2015). Goal 4: Ensure inclusive and equitable quality education
and promote lifelong learning opportunities for all. United Nations.
https://sdgs.un.org/goal s/goal4

STEM Education Maintenance Task Force. (2025). Operational definition of preventive maintenancein STEM
laboratories [ Technical guideling] . Synthesized from 1S0 55001:2014, ASTM E2986-18, and OEM stand-
ards

UNESCO. (2016). Continental Education Strategy for Africa 2016-2025 (CESA 16-25). Paris. UNESCO.
https://unesdoc.unesco.or g/ark:/48223/pf0000249934

Journal for Science, Technology, Engineering and Mathematics Education in Africa (JSTEMEA) - Volume 1, Number 1, January 2026


https://sdgs.un.org/goals/goal4
https://unesdoc.unesco.org/ark:/48223/pf0000249934

Journal for Science, Technology, Engineering and Mathematics Education in Africa (JSTEMEA), Volume 1, Number 1, January 2026

ARTICLE 4

STEM Pathway In Senior Schools; Developing Communication and
Collaboration skillsby learnersin their STEM projects.
Peter M. Ndiritu

pevalinx@gmail.com
Mt Kinangop Girls Secondary School, Kenya

ABSTRACT

STEM pathway can prepare learners for the challenges of the 21% century living by ensuring that
they have effective competencies. One of these competenciesis communication skills. Commu-
nication can occur either in written or oral form. In most cases, learners are not able to com-
municate effectively in both forms. The research question dealt on how communication skills
affect learners’ performance in their STEM projects by comparing their written & oral commu-
nication skills, scientific thoughts, methods and creativity in expressing their learning outcomes.
The data collected comprised of 4 STEM subjects categories, i.e. chemistry, biology, mathemat-
ics and physics with a total of 15 projects per category. Written communication, part A, of the
project was scored separately from oral communication, part BC. These two parts were treated
as dependent variables against the total number of projects per category. On a scatter plot with
a smooth line, both dependent variables produced converging and diverging curve areas while
when both parts scores were added up and plotted against the total number of projects per cate-
gory, a gradua declining line graph was produced. Written communication demands a lot of
time and effort for thinking and reflecting on the area of study, while in oral communication
factors such as anxiety, lack of confidence & limited practicing opportunities can impede devel-
opment of these skills. Therefore, there is need for learners to develop more of their written &
oral communications skillsin order to convey their learning outcomes effectively.

Keywords. Learning outcomes, communication skills, competencies, STEM pathway, Projects.
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Table 3.0Project categories scoresin part A, written communication, & part BC, oral communication, Scientific
thoughts, methods, and creativity and totals of part A plus BC...6

1.0 Introduction

There is a greater need, in Africa, for science, technology, engineering, and mathematics (STEM)
education in order to prepare for current and future economic needs and a workforce that can navi-
gate through the challenges of the 21% century living (Chou, 2018). Therefore students in the 21%
century must be ableto think critically and be able to solve the problems, be creative and innovative,
to be ableto collaborate and communicate effectively (Barus & Sahur, 2024; Erdogan, 2019; & Puji,
et a 2019). In order to communicate and collaborate effectively in STEM education, the paradigm
has changed emphasizing on creation of new knowledge and its innovative application (Somphol,
et al 2022). In order to create new knowledge, the learners should be able to actively, acquire and
synthesize new information, building on prior knowledge, by analyzing it, evaluating evidence and
learning outcomes demonstrated through their innovativeness.

Information synthesisin the process of analyzing information and eval uating evidence from various
sources, making connections of the facts gathered, and thus, building the acquired new information
on the prior knowledge to become effective in communication (Diekema, et a 2025). Therefore, the
learners should be able to collaborate and communicate effectively in written and oral communica-
tion, scientific thoughts, methods and creativity in order to create new knowledge for novelty inno-
vations.

1.1 Inter-disciplinary teaching and learning

STEM education is a pedagogical approach that integrates inter-disciplinary teaching and learning
which fosters development of multiple skills. Its over-arching objective is to cultivate workforce
who possess the capacity to devise innovative solutions but synthesizing new information through
analyzing it and evaluating evidence for knowledge acquisition from diverse fields in STEM (Go-
legou, et al, 2025).

Inter-disciplinary teaching and learning in STEM education differs from the traditional, teacher-
centered, education system. It involves holistic teaching and learning which nurtures knowledge,
skills, values, attitude and learning outcomes (Kanmaz, 2022). Learning outcomes refers to what a
learner should know (knowledge acquisition) and be able to do (knowledge application), leading to
skills development for competenciesasaresult of learning experience. Inits space, learningisactive
and student-centered. It provides hands-on learning experiences where by the depth of understanding
is often retained for alonger period since the learners take the lead in applying knowledge learnt,
enforcing cognitive devel opment for competencies (Ndiritu, 2023).

But, in the traditional education system, learning is passive and individualized where |earners com-
pete for grades and recognition rather than working collaboratively (Divya, 2025). Additionally, it
encourages rote learning, with the teacher at the center of learning. Since inter-displinary learning
promotes inquiry minds, logical thinking and collaboration (Birzina, 2023), the approach provides
the learners with the opportunity to work relatively autonomously (John, 2000) to increase their
engagement (Shukla, et al 2024)

When learners work autonomously or independently for an emergent learning context, they become
more engaged, motivated and academically successful (Hennessey, 2021). Thisis because, it helps
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them to connect academic concepts and principles into tangible outcomes by translating abstract
concepts to concrete examples making learning experience meaningful and exciting.

Therefore, inter-displinary teaching and learning approach to STEM education transform learners
into critical thinkers who can engage with and in turn help create new knowledge. The approach
provides students with a sense of purpose, equip them with prior knowledge to build upon the new
knowledge they gain or gather. Wami (2024) argues that the approach can be a catalyst to learners’
development of critical thinking and problem solving skills. This helps them to create new
knowledge as they are able to synthesize new information by analyzing and evaluating evidence
objectively and rationaly allowing individuals to make informed decisions and solve problems ef-
fectively through crestivity.

1.2 Statement of the problem

Acquiring new knowledge is a process that is constructed through communication marked by re-
search and critical reflection (Zabrano, et al 2022). Communication skills are important in learning
STEM as they involve transfer of information in ways that permit those who receive it to interpret
and act upon it in ways intended. Communication occurs in written or oral form. In most cases
learners are not able to communicate effectively in both forms. They tend to be effectivein oneform
and less effective in the other. Written communication skills involves cognition, brainstorming,
planning, outlining, organizing, drafting & revising, thus demanding a lot of time and effort for
thinking and reflecting on the area of study. In oral communication, factors such as anxiety, lack of
confidence & limited practicing opportunities can impede these skills devel opment. Therefore, there
is need for learners to develop more of their written & oral communication skills so that they can
effectively display their learning outcomes

1.3 Objective

To compare the learning outcomes of learnersin their collaborative written & oral communication,
scientific thoughts, methods and creativity, and their effectsin STEM projects performance.

1.4 Resear ch question

How do communication and collaborative skills affect learners’ performance in STEM projects com-
petitions?

2.0Literaturereview

2.1 STEM Pathway

One of the pathways in Competency Based Education (CBE), in Kenya, is STEM pathway. Critica
thinking and problem solving, creativity and imagination, communication and collaboration among
others are key components of competenciesin CBE (Muchira, et a, 2023). Communication skills
enable learners to articulate ideas effectively, collaboratively and build confidence leading to im-
proved academic outcomes. For effective communication, learners must have prior knowledge to
build upon in the process of acquiring new knowledge.
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2.2 Knowledge Acquisition

In order to acquire new knowledge for new ideas and concepts, prior knowledge is essential as it
lays foundation for learning new concepts (Mabonga, 2021). Knowledge arises through a process of
active construction which implies that prior knowledge cannot be transmitted from one person to
another, rather, it is constructed through active learning process. Thus, learners build upon what they
already know, and from that, they build upon by reconstructing their prior knowledge as they learn
from their past and integrate their present learning experience (Diaz, 2017). Acquiring of new
knowledge is constructed through communication marked by research and critical reflection (Za-
brano, et a 2022)

For learners to integrate their past learning with new concept, they must acquire new knowledge.
According to Kaba (2019), knowledge acquisition is the process of extracting, structuring and or-
ganizing new information from one or more sources into meaningful form. This involves actively
engaging with the new information, structuring it and storing it in away that allows for future recall
and use with afocus of expanding and integrating it with existing knowledge.

Since inter-disciplinary teaching and learning in STEM education promotes autonomy of learners,
it gives them independence of learning. When learners acquire knowledge through their own effort,
they develop their ability to inquiry and logical thinking as it places increased learning responsibil-
itieson them (Vijay, 2024). This helps them to make sense of why the acquired knowledge in useful
and how it might be applied (Oleg, et a 2016)

2.3 Knowledge Application

Knowledge application is the link that connects what we know with what we don’t. It’s the process
of using theoretical concepts, learnt skills or information and effectively applying themin problems
solving by transforming insight into action (Anderson, 2024). In academic setting, students apply
their learning through discussions, exams and projects. Thishelpsin reinforcing their understanding
and enhancing retention.

STEM education emphasizes on active, hands on learning experience that empower students to
tackle real world challenges. This approach diverges from the conventional teacher- centered learn-
ing, thus creating adynamic education learning space. Thisallowsthe learnersto delve into acquired
scientific principles into tangible ways, with evidence, by leveraging them into practical scenarios,
thus bridging the gap between abstract knowledge and practical knowledge application (Nadiaet a,
2024), thus demonstrating skills acquired (Besa,2022).

2.4 Literature gap

Written communication skills involves cognition, brainstorming, planning, outlining, organizing,
drafting & revising, thus demanding alot of time and effort for thinking and reflecting on the area
of study. In ora communication and collaboration, factors such as anxiety, lack of confidence &
limited practicing opportunities can impede these skills development.

Learners have to be effective in their communication skills to effectively convey their learning out-
comes, both in written and oral communication, scientific thoughts, methods and creativity, in order
to create new knowledge for novelty innovations. It is important to improve learners’ communica-
tion and collaborative skillsin order for them to appropriately convey their learning outcomes (Oc-
tavia, 2022). Thisin turn will help the learners to effectively demonstrate acquired knowledge and
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competencies through their creativity and self- expression (Rahman, 2024), thus leading to
knowledge creation for new innovations. With this ability to synthesize complex information for
knowledge acquisition, into constructive applications through crestivity, thelearners are able to con-
tribute to the development of knowledge, communicated both in written and orally, for local com-
munity & the nation at large. This promotes their citizenship which is one of the core competencies
in CBE curriculum.

3.0 Methodology 3.1 Research design.
The data used was obtained from the ministry of education, Nyandarua County.

The selected sample of male and femal e student participants were from public and private secondary
schools affiliated to the ministry of education, Nyandarua County, and they had participated in 2025
Kenya Science and Engineering Fair (KSEF) competitions at the county level. In the 4 project cate-
goriesinvolved, the presenters were in pairs from 15 different schools sampled randomly out of 24
schools that participated per project category. This made up atotal of 30 participants comprising of
15 boys and 15 girls. Out of 15 schools sampled per category, 5 were purely girls schools, 5 purely
boys schools and 5 mixed schools, comprising of national, extra-county, county and day schools.

3.2 Data collection

This research was carried out by collecting data of 4 project categories, related to STEM learning,
out of the 13 categories presented in KSEF 2025 competitions. The four categories included; Biol-
ogy, Chemistry, Physics and Mathematical science. The data collected from each project compro-
mised of part A, part BC. Part A data consisted of written communication with a maximum of 30
marks, while part BC consisted of oral communication, scientific thoughts, methods and creativity
with a maximum of 50 marks. Both part A and BC marks were used as dependent variables while
the total number of projects per category was used as independent variables for graphical represen-
tation.

3.3 Data collected

MATHEMATICS
N | CHEMISTRY PROJECTS BIOLOGY PROJECTS PROJECTS PHYSICSPROJECTS
O lpART A IOTA PART IOTA PART A IOTA PART A IOTA
/30 P A /30 P /30 80 /30 80
1 24 41 65| 24.75 40 64.8 23 36 50| 285 a4 725
2| 2475 39.5 64.3 18 405 58.5 24 34.5 58.5 28 4.5 725
3 25.5 375 63 235 335 57| 2475 32.5 57.3 27 41 68
4] 2425 34 58.3 215 34.5 56| 235 33 56.5 25 40.5 65.5
5| 2675 3L5 58.3 215 34 555| 205 33 53.5 21 41 62
6 24 34 58 22.5 32.5 55| 235 28 515| 265 34.5 61
7| 1725 35 523| 2375 31 548| 2225 255 478| 205 38.5 59
8| 2125 30.5 51.8 18 36 54| 2075 26 468| 1975 355| 55.25
9 155 345 50 185 35 535| 215 25.5 47| 2375 32| 5575
10| 1825 31 49.3 22 31 53 20 26 46 12 435 55.5
1 195 29.5 49| 17.75 30 478| 1775 27.5 453| 1925 355| 5475
121 1725 29 46.3 19 275 465 23 225 455 18 345 52.5
13 19.5 255 45| 2075 24 48| 165 275 a4 15 36.5 515
14 12 29.5 415 16.5 25 415 18 24 42 16,5 29 455
15 165 235 40 16,5 23 395| 155 20.5 36| 135 27 405
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Table 3.0 Project categories scoresin part A, written communication, & part BC, oral communication, Scientific
thoughts, methods, and creativity and totals of part A plus BC.

4.0Data analysis
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Figure 4.0: A scatter with smooth line graphs of part A & part BC scores against total number of

projects per category.

Figure 4.1: A scatter with smooth line graphs of totals of part A plus part BC scores against total number of pro-
jects per category

4.1 Findings

Inthefour project categoriesinvolved, that is, chemistry, biology, mathematics & physics, the mark-
ing schemes used in judging the projects were divided into two parts, part A and part BC which were
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scored independently. Part A comprised of written communication while part BC comprised of oral
communication, scientific thoughts, methods and creativity. Both part A and part BC were used as
dependent variables while the number of projects per category was used as independent variable.
Thetotals of both part A plus part BC were used to rank the projects performance per category.

When dependent variables were plotted against independent variables, in scatter with smooth line
graph against the total number of projects as an independent variable, per category, both dependent
variables produced diverging and converging zones to each other. On the diverging zones, the pro-
ject presenters’ scores were high in oral communication, scientific thoughts, methods and creativity
with low scoresin written communication and vice versain converging zones. When the total scores
of part A plus part BC were plotted in scatter with smooth line graph against the total number of
projects, agradual declining line graph was produced.

When |learners were carrying out their scientific projects, written and oral communication, scientific
thoughts, methods and creativity were necessary skills to develop quality projects. Learners who
possessed these skills scored highly in their project, thus having better chances of proceeding to the
next level of competitions. If learners had high skills, both in part A and part BC, with gradual
decline line graphs of dependent variables would be produced without convergent and divergent
Zones.

Communication skillsareimportant in learning STEM (Fatiha et a, 2022), asit involves transfer of
information in ways that permits those who receive it to interpret and act upon it in ways intended
(Byakutanga, 2016). Communication can occur in written or oral form.

Written communication is considered acritical student learning outcome (Alarcon et al, 2024), asit
focuses on learning activities that allow students to transit gradually from knowledge acquisition to
knowledge transformation, where there is a dynamic interaction between the students with essential
writing skillsand reflective process (Herdan,2021). Writing involves cognition, brainstorming, plan-
ning, outlining, organizing, drafting and revising and it demands a lot of time for thinking and re-
flection on topic (Vysotska, 2022). Therefore, competency in written communication devel ops crit-
ical thinking skills as it demands analysis of the information and its evaluation and requires effort
by students to write well since it cannot be acquired naturally (Riaz & Gul, 2016).

On the other hand, oral communication is a skill that enables students to engage in dialogue within
diverse discursive practices, thereby fostering social participation as it involves both speaking and
listening (Benavides et a, 2025). According to Rahman (2024), research has shown that factors such
as anxiety, lack of confidence and limited practicing opportunities can impede devel opment of oral
communication. But, Apart et a (2023) argues that students with high level of oral communication
skills can effectively express their scientific thoughts, ideas, engage in meaningful conversations
and articulate their viewpoints confidently with clarity.

5.0 Conclusion

Effective communication and collaboration help learners acquire and apply knowledge by being
critical on the information from various sources and making connections. With proper communica-
tion, learners are able to have an objective analysis of information and evaluation of evidence in
order to cometo a conclusion. This helpsto solve problems by finding solutionsto difficult or com-
plex issues.
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In order to solve these problems, the learners have to be creative and imaginative in order to be able
to come up with new ideas to create novelty leading to innovations and knowledge creation. With
thisability to creativity, the learners are able to contribute to the devel opment of knowledge for local
community and the nation at large. This promotes their citizenship which is one of the core compe-
tenciesin CBE curriculum.

5.1 Recommendation

Learners should be encouraged to participate in symposium, conferences and podcasts to present
STEM projectsand ideas. To enhance practice, there should be professional development of teachers
on pedagogical approachesthat nurture communication & collaboration among learners such as pro-
ject based learning. Therefore, there is need for implementation of action research & lesson study at
school level and clusters through formation of community of practice in STEM education.

In terms of policy, thereis need for increasing funding to enhance quality and quantity of infrastruc-
ture in schools necessary for supporting STEM education, in particular STEM pathway in senior
schools.
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ABSTRACT

African education systems are shifting from Outcome-Based Curriculum (OBC) to Competence-
Based Curriculum (CBC), anchored in constructivist and authentic learning paradigms, to em-
phasize what learners can do rather than what they can recall. Yet assessment practice has
lagged behind curriculum policy. This study analyses multi-country qualitative data from 392
WhatsApp posts by 52 educators from the AfriSTEM WhatsApp discussion, held from 5 to 10
October 2025, and facilitated by the Directorate of Zambia’s National Science Centre. Educa-
tors fromten African countries debated how assessment must change to reflect competence de-
velopment. Thematic analysis reveal ed three domains of transformation: (1) redefining assess-
ment purpose—learning and empowerment rather than sorting; (2) redesigning assessment
tasks—authentic tasksin real or realistic contexts measuring knowledge, skills, and values; and
(3) reconfiguring systems—policy reform, teacher professional development, and moderation
for trust. Recommendations include elevating formative assessment, integrating indigenous
knowledge, and developing an Afiican-owned continental framework (CAF-Africa), a proposed
policy model for harmonizing competence assessment across African states. Findings suggest
that the sustainability of African STEM education reforms hinges on transforming how learning
isassessed..

Keywords. Competence-Based Assessment, STEM Education, Educational Transformation,
Formative Assessment, African Framework (CAF-Africa)

1. Introduction
Globally, the United Nations Sustainable Development Goal 4 (SDG 4) callsfor inclusive and

equitable quality education and the promotion of lifelong learning opportunitiesfor all. Specifically,
Target 4.4 emphasizes the need to increase the number of youth and adults with relevant skills for
employment, decent jobs, and entrepreneurship. Competence-based assessment is essentia to
achieving this target, asit ensures that learners are not only knowledgeable but also capable of ap-
plying their learning in diverse contexts. Regionally, the African Union’s Agenda 2063 and its Con-
tinental Education Strategy for Africa (CESA 2016-2025) advocate for transformative education
systemsthat produce African citizenswho areinnovative, entrepreneurial, and globally competitive.
The Science, Technology and Innovation Strategy for Africa (STISA-2024) further emphasize the
role of STEM education in driving sustainable development, industrialization, and regional integra-
tion. Authentic assessment practices are critical to realizing these ambitions, as they validate learn-
ers’ ability to solve real-world problems and contribute meaningfully to society.
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Nationally, Zambia’s 8th National Development Plan (2022—2026) identifies human and social de-
velopment as a strategic pillar, with education reform positioned as akey enabler of economic trans-
formation. The plan calls for strengthening science, technology, engineering, and mathematics
(STEM) education, promoting innovation, and enhancing the quality of teaching and learning. It
also emphasizes the need for improved assessment systems that support competence devel opment
and lifelong learning.Zambia’s 2023 Education Curriculum Framework reinforces this shift by ex-
plicitly defining education as atool for human and societal transformation. It emphasi zes the devel -
opment of competences that enable learners to “apply knowledge, skills, attitudes, and values to
solvereal-life problems” across academic, vocational, and civic domains. The framework prioritizes
learner-centered pedagogy, continuous assessment, and the integration of 21st-century skills such
ascritical thinking, problem solving, collaboration, and innovation. However, despite these progres-
sive policies, assessment systems remain dominated by summeative examinations, creating misalign-
ment between classroom practices and policy intentions. Although curriculum reform has gained
momentum across the continent, limited empirical research has examined how African educators
interpret and enact competence-based assessment in STEM education. This study therefore ad-
dresses this gap by analyzing a multi-country discussion among STEM educators to identify how
assessment practices can better support competence development across African contexts.

1.1 Background Assessment practices in African education systems have long been shaped by
colonial legaciesthat prioritize summeative examinations, often emphasizing factual recall over
applied understanding.

These systems were designed to sort learners rather than empower them, with high-stakes exams
determining progression, certification, and employment eligibility. Asaresult, learners were trained
to reproduceinformation rather than demonstrate competence. In recent years, the shift toward Com-
petence-Based Curriculum (CBC) reflects a broader educational reform agenda aimed at aligning
learning with 21st-century skills, national devel opment goal's, and global competitiveness. CBC em-
phasizes the integration of knowledge, skills, and values, encouraging learners to apply what they
know in real-world contexts. However, while curriculum documents have evolved, assessment sys-
tems have remained largely unchanged, creating a disconnect between policy and practice.

Thistension is particularly evident in STEM education, where competence involves not only con-
ceptual understanding but also problem-solving, innovation, and collaboration. Without assessment
systems that capture these dimensions, CBC risks being reduced to rhetoric. The AfriSTEM
WhatsA pp discussion provided arare opportunity to hear directly from educators across ten African
countries, revealing both the aspirations and obstacles in transforming assessment from recall to
real.

1.2 Problem Statement

Although many African countries have adopted Competence-Based Curricula (CBC), assessment
practices remain anchored in summative examinations that emphasize recall over performance.
Teachers often lack exposure to authentic assessment design, and systemic accountability structures
continue to prioritize grades over competence evidence (UNESCO, 2021). Consequently, CBC im-
plementation risks reproducing outcome-based education (OBC) under a new name unless assess-
ment reform accompanies curricular change.
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1.3 Purpose and objectives

i. Explore how African educators conceptualize competence-based assessment (CBA). ii.
Identify barriers to CBC assessment fidelity.

iii. Propose strategies for transforming assessment systems toward authenticity, equity,
and empowerment.

1.4 Significance

Transforming assessment determines whether CBC reforms yield practical competence. The study
grounds theoretical idealsin real classroom perspectives from African STEM educators.

1.5 Resear ch Questions

aRQl: How do educators define competence-based assessment in African STEM contexts?
b.RQ2: What challenges impede its implementation in school s?

¢.RQ3: What strategies can ensure alignment between curriculum and assessment?

3 Literature Review 3.1 Competence-Based Education

Competency-Based Education (CBE) focuses on demonstrabl e integration of knowledge, skills, and
attitudes (Pellegrino & Hilton, 2012). It values real-world application over theoretical knowledge.
It is an evolving educational paradigm that emphasizes the mastery of specific competencies rather
than the mere accumulation of instructional hours or attainment of grades. The roots of CBE can be
traced back to the mid-20th century, particularly in response to concerns about the efficacy of edu-
cation following the launch of Sputnik in 1957, which catalyzed reforms in the U.S. educational
system (Hodge, 2007). This model has since gained international recognition, prompting various
countries, including Zambia, to adopt it as a means of fostering lifelong learning, critical thinking,
and societal engagement (Mulenga & Kabombwe, 2019). In essence, CBE represents a shift from
content-based or knowledge-based curricula toward outcome-focused |earning, where the "why" of
education—competence—is prioritized alongside "what" is taught—content standards (Bramante &
Colby, 2012).

Fundamentally, CBE is structured around explicit, measurable, and transferable learning objectives.
These objectives are aligned with competencies that students must demonstrate to progress. Unlike
traditional education, wheretimeisthe variable and learning is assumed to occur over predetermined
periods, CBE positions performance as the constant and time as the variable. This paradigm allows
learners to progress at individualized paces, advancing only upon actual mastery of competencies,
thereby reducing gaps in understanding that can occur in age-based progression models (Sturgis &
Casey, 2018; Stafford, 2019). The Zambian education system, for instance, began revising its na
tiona curriculum in 2013 to implement a CBE approach, phasing adoption across grades and inte-
grating both academic and vocational pathways to meet the nation’s socio-economic needs (Mulenga
& Kabombwe, 2019).

CBE employs |learner-centered pedagogical strategies that include differentiated instruction, active
learning techniques, field-based experiences, and project-based assessments (Aurora Institute,
2019). In doing so, it cultivates higher-order cognitive skills across Bloom’s taxonomy— applica-
tion, analysis, synthesis, and evaluation—thus reinforcing both knowledge acquisition and practical
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skill application. Assessment in CBE is formative and ongoing, providing immediate, actionable
feedback to enable learners to reflect, iterate, and demonstrate competency effectively. This con-
trasts with the summative assessment models dominating traditional education systems, wherein
success is often approximated through exams rather than the evidence of applied learning (Byrne,
Downey, & Souza, 2013).

An essential feature of CBE is the alignment of education with workforce and societal needs. By
fostering transferable skills, such as problem-solving, digital literacy, communication, and collabo-
ration, CBE bridges the gap between schooling and real-world applications (American Institute for
Research, 2020; Research.com, 2025). In Zambia, this alignment is evident in the vocational path-
ways, where students obtain trade certificates alongside academic qualifications, integrating certifi-
cate programs from TEVETA with the national examinations (MoGE, 2013). Globally, institutions
like Western Governors University in the United States and the University of Wisconsin System
have demonstrated that CBE can enhance access, retention, and employability by accommodating
non-traditional learners, flexible pacing, and evidence-based progression (Aurora Institute, 2019;
JETIR, 2024).

Despite these benefits, CBE presents notable implementation challenges. Educators must be trained
to design and deliver competency-based instruction effectively; school systems must adapt assess-
ment frameworks to reliably measure mastery, and sufficient resources are critical for sustainable
implementation (Mulenga & Kabombwe, 2019; American Institute for Research, 2020). Resistance
often arises due to entrenched time-based, content-focused structures in policy and practice. Fur-
thermore, a lack of shared definitions and clear conceptual frameworks for competencies versus
learning outcomes can impede clarity in curriculum design and assessment practices (Kelchen, 2016;
Evans, Landl, & Thompson, 2021).

Nevertheless, CBE isincreasingly recognized as a vehicle for educational equity. By meeting learn-
ers where they are and providing individualized support, the model addresses disparities associated
with socio-economic status, prior educationa experience, or learning differences (Aurora Institute,
2019). It empowers students to take ownership of their learning journey, fostering agency, motiva-
tion, and confidence as learners demonstrate mastery of competencies in a transparent, measurable
manner.

In conclusion, Competency-Based Education presents a transformative opportunity to modernize
education systems to be more learner-centered, equitable, and responsive to societal and workplace
demands. While challenges in implementation exist, evidence from both the Zambian context and
international case studies suggests that CBE enhances student engagement, skill mastery, and grad-
uate readiness for real-world challenges. Its focus on performance, flexibility, and evidence-based
progression highlights the importance of moving beyond traditional content-driven paradigms to-
ward a skills-oriented education that prepares learners not merely to pass examinations, but to
demonstrate competence in meaningful, transferable ways (Mulenga & Kabombwe, 2019; Re-
search.com, 2025).

3.2 Assessment for Learning: A Cornerstone of Competence-Based Education

Assessment for Learning (AfL) is aformative approach that positions assessment not as a terminal
judgment but as an integral part of the learning process. It is grounded in the belief that assessment
should inform instruction, guide learner progress, and foster deeper understanding. Unlike
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summative assessment, which evaluates what learners know at the end of a unit or course, AfL
emphasizes continuous feedback, reflection, and adjustment—Dboth by the teacher and the learner.
Black and Wiliam (1998) were among thefirst to systematically demonstrate the impact of formative
assessment on student achievement. Their research revea ed that when learners receive timely, spe-
cific, and actionabl e feedback, they are more likely to engage with learning goal s, close performance
gaps, and develop metacognitive skills. AfL thus transforms assessment into alearning opportunity,
where mistakes are not penalized but used as stepping stones toward mastery. Central to AfL isthe
use of authentic tasks—learning activities that mirror real-world challenges and require the applica-
tion of knowledge in context. Wiggins (1998) argued that authentic assessment should demand judg-
ment, innovation, and the ability to transfer learning to new situations. For example, rather than
asking learnersto recall aphysicsformula, an authentic task might involve designing apulley system
to lift water in arural setting. Such tasks not only assess conceptual understanding but also evaluate
problem-solving, creativity, and collaboration. Gulikers, Bastiaens, and Kirschner (2004) expanded
on this by identifying five dimensions of authenticity in assessment: task realism, physical context,
socia context, assessment form, and student interpretation. These dimensions are particularly rele-
vant in STEM education, where competence involves not only theoretical knowledge but also prac-
tical application. Projects, portfolios, exhibitions, and simulations are common AfL strategies that
allow learners to demonstrate integrated competences over time.

However, the implementation of AfL across Africa faces significant challenges. UNESCO (2021)
identified uneven CBC implementation across the continent, citing persistent summative orientation,
lack of teacher preparation, and resource constraints as major barriers to authentic assessment adop-
tion. Many educators continue to rely on traditional exams due to institutional expectations, limited
professional development, and inadequate access to materials and infrastructure needed for perfor-
mance-based tasks. This disconnects between curriculum intent and classroom practice undermines
the transformative potential of CBC.

In the African context, AfL resonates with indigenous pedagogies that value demonstration, partic-
ipation, and communal learning. It aligns with the Ubuntu philosophy, which emphasizes shared
responsibility, reflection, and human development. By embedding AfL into competence-based cur-
ricula, educators can create inclusive, culturaly responsive learning environments that empower
learnersto take ownership of their progress. To realize the full potential of AfL, systemic support is
essential. Teachers need training in designing authentic tasks, using rubrics, and facilitating peer and
self-assessment. Ministries must invest in capacity building, resource provision, and policy align-
ment. When effectively implemented, AfL not only improves academic outcomes but also nurtures
lifelong learners equipped for the complexities of the 21st century. Together, CBE and AfL form
the pedagogical and assessment foundation of CBC reforms, yet alignment between the two remains
inconsistent in African STEM education. Thisstudy isunderpinned by constructivist learning theory
and assessment for learning principles, which view knowledge as co-constructed through authentic
engagement.

4. M ethodology

4.1 Research Design This study adopted a qualitative interpretivist design to explore educators’
perspectives on competence-based assessment (CBA) within African STEM education. The
interpretivist paradigm was appropriate because it focuses on understanding how individuals
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construct meaning from their experiences within social and cultural contexts (Creswell &
Poth, 2018). The study employed inductive thematic analysis to derive patterns and insights
from naturally occurring professional discourse among educators.

4.2 Data Sour ce

Data were obtained from the AfriSTEM multi-country WhatsApp discussion held from 5 to 10 Oc-
tober 2025. The discussion was facilitated by the Directorate of Zambia’s National Science Centre
and moderated by Professor B. Banda. Participation was voluntary and open to STEM educators
across the AfriSTEM network. A 392-entry transcript documenting live exchanges among fifty-two
(52) participants representing ten African countries—Zambia, Nigeria, Kenya, Uganda, Ghana, Na-
mibia, Lesotho, Malawi, Mozambique, and Cameroon contributed to the discussion. Participants
included classroom teachers, heads of departments, and teacher-trainers engaged in competence-
based curriculum implementation. The WhatsApp discussion was used as a virtual focus group be-
cause it enabled geographically dispersed educatorsto exchangeideas asynchronously in alow-cost,
interactive environment (Lo lacono, Symonds, & Brown, 2016). All text messages were exported,
anonymized, and converted into a Word document for analysis. Each participant acknowledged that
their contributions could be used for academic research under confidentiality conditions.

4.3 Data Analysis

An inductive thematic analysis approach (Braun & Clarke, 2006) was applied to identify recurring
ideas and interpret emerging meanings. The data were first read repeatedly to achieve immersion,
followed by open coding of phrases and statements rel ated to assessment purposes, task authenticity,
teacher capacity, and policy reform. Codes were grouped into broader themes through iterative com-
parison and refinement. Peer debriefing with two independent reviewers and member checkswithin
the AfriSTEM network enhanced the credibility and trustworthiness of the findings. Reflexive jour-
naling was aso used to minimize researcher bias during interpretation. Three overarching themes
emerged.

4.4 Ethical Considerations

Ethical approva for the study was obtained from the Zambia National Science Centre Research
Ethics Committee. Participation was voluntary, and confidentiality was maintained through the re-
moval of al identifying details from messages. Data were stored securely in password-protected
digital folders accessible only to the research team. The study adhered to international guidelines
for conducting ethical online research (Markham & Buchanan, 2012).

4.5 Methodological Limitationsand Trustworthiness

As with most qualitative inquiries, the findings of this study are context-specific and should be in-
terpreted within the scope of the AfriSTEM network. The use of WhatsApp as adiscussion platform
limited observation to written expressions, excluding non-verbal cues that could enrich interpreta-
tion. Nevertheless, trustworthiness was ensured through several strategies. Credibility was rein-
forced via peer debriefing, member checks, and triangulation across partici pants from ten countries.
Dependability was achieved through transparent documentation of coding procedures and iterative
anaysis. Confirmability was strengthened through reflexive journaling to minimize researcher bias,
while transferability was supported by providing rich contextual descriptions that allow readers to
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judge the applicability of findings to similar educational settings. These measures collectively en-
hance the rigor and integrity of the study’s qualitative design.

5. Discussion of Findings

The analysis of participants’ reflections revealed three overarching themes regarding the transition
to Competence-Based Education (CBE) assessment practices. (1) assessment purpose should em-
power learners, (2) authentic contexts make competence visible, and (3) systemic and cultura
change is required to sustain reform. These themes highlight the growing awareness among train-
ees—many serving as Heads of Department (HoDs)—of the transformative intent of CBE assess-
ment and the structural and pedagogical challenges accompanying its implementation.

(verbatim excer pts)

Theme 1; Assessment i.“We need to assess what learners can do with
purpose should empower  knowledge, not how much they can
learners memorize.” —

Participant 12 (06/10/2025 04:56 am)
ii.“Assessment must develop creativity and
innovation, otherwise CBC becomes another
name for exams.” —

Participant 63 (06/10/2025 09:30 am)
iii.“Formative assessment turns every learning
moment into an assessment opportunity and
every mistake into a learning point.” —

Participant 251 (08/10/2025 08:56 am)

Theme 2: Authentic contexts

make competence visible iv.“Prepare ethanol from leftover nshima... show
any other use of the ethanol produced.” —
Participant 71 (06/10/2025 09:43 am)

V.“What would be wrong with pupils developing a
mini-industry on school grounds? Assessment
becomes realistic.” —

Participant 74 (06/10/2025 09:49 am)
Vi.“Competence means demonstrating

problem-solving using local materials.” —

Participant 68 (06/10/2025 09:41 am)

Journal for Science, Technology, Engineering and Mathematics Education in Africa (JSTEMEA) - Volume 1, Number 1, January 2026



From Recall to Real: Transforming STEM Education Assessment in Africa through Competence-Based Learning pp 44-55

Theme 3: Systemic and
cultural changerequired vii.“Many of us insist on summative because it’s
what we went through... we fear the unknown
and protect tradition.” —
Participant 306 (08/10/2025 07:02 pm)
Viii.“Teachers need continuous CPD for formative
assessment; otherwise policy fails at the
classroom level.” —
Participant 340 (09/10/2025 06:25 pm)
iX.“Common Continental Assessment Framework for
Africa is key. The African Union needs to
champion the move.” —
Participant 277 (08/10/2025 06:32 pm)

Theme 1: Assessment Purpose Should Empower Learners

Participants emphasized that the purpose of assessment in a CBE framework should move beyond
measuring recall toward empowering learners to apply knowledge meaningfully. As Participant 12
stated, “We need to assess what learners can do with knowledge, not how much they can memorize.”
Thisalignswith the CBE philosophy, which values demonstrable competence rather than rote learn-
ing. Participant 63 added that “Assessment must develop creativity and innovation, otherwise CBC
becomes another name for exams,” reinforcing that assessment should nurture higher-order skills

such as creativity, innovation, and critical thinking.

The notion of formative assessment as a continuous learning process was also stressed. Participant
251 explained that “Formative assessment turns every learning moment into an assessment oppor-
tunity and every mistake into a learning point.” This insight echoes Black and Wiliam’s (2009)
argument that formative assessment serves as a feedback mechanism for both learners and teachers,
supporting growth rather than judgment. Collectively, these reflections demonstrate a shift among
trainees toward recognizing assessment as a developmental tool that empowers learners to demon-
strate mastery progressively.

Theme 2: Authentic Contexts Make Competence Visible

The second theme underscores the importance of situating assessment within real-life, problem-
solving contexts. As Participant 71 illustrated, “Prepare ethanol from leftover nshima... show any
other use of the ethanol produced.” Such an example captures the spirit of contextualized learning,
where learners use familiar materias to demonstrate scientific competence. Similarly, Participant
74 proposed, “What would be wrong with pupils developing a mini-industry on school grounds?
Assessment becomes realistic.” These views align with the African Union’s (2019) vision for edu-
cation systems that produce learners capabl e of innovating within local economies.

Participant 68’s statement, “Competence means demonstrating problem-solving using local materi-
als,” reinforces the idea that authentic, culturally grounded tasks make competence observable and
relevant. This perspective reflects constructivist learning theories, which advocate for learning ex-
periences that connect classroom knowledge to real-world application. The trainees’ insights there-
fore confirm that competence assessment should be contextually grounded and performance-based
to accurately capture learners’ capabilities.
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Theme 3: Systemic and Cultural Change Required

Thefinal theme highlightsthe systemic and cultural barriersto CBE adoption. Participant 306 noted,
“Many of us insist on summative because it’s what we went through... we fear the unknown and
protect tradition.” This resistance reflects deep-rooted educational cultures that privilege examina-
tions over performance. The sentiment supports Fullan’s (2007) assertion that meaningful reform
requires a shift in mindset and organizational culture, not merely new policy directives.

Participants al so acknowledged the need for sustained professional development. As Participant 340
stated, “Teachers need continuous CPD for formative assessment, otherwise policy fails at the class-
room level.” This underscores the importance of building teacher capacity to interpret and imple-
ment assessment reforms effectively. Furthermore, Participant 277 broadened the discussion to a
continental scale, asserting that “Common Continental Assessment Framework for Africa is key. The
African Union needs to champion the move.” Thisreflectsacall for policy harmonization and shared
standards to strengthen CBE practices across African education systems.

The findings from the AfriSTEM discussion reinforce the theoretical foundations of competence-
based assessment while revealing the practical challenges of implementation. Educators consistently
emphasized the need to shift assessment from sorting to empowering—echoing Black and Wiliam’s
(1998) call for formative feedback and Wiggins’ (1998) advocacy for authentic tasks. The use of
local materials and community-based projects, such as producing ethanol from leftover nshima or
developing school-based mini-industries, reflects Gulikers et al.’s (2004) dimensions of authentic-
ity. These examples demonstrate that competence is best assessed through tasks that are meaningful,
contextual, and socially relevant.

However, systemic barriers persist. Many educators admitted to defaulting to summative practices
due to familiarity, institutional pressure, and concerns about reliability. This highlights the need for
cultural change within education systems—moving from compliance to trust, from standardization
to contextualization. The proposal for a Common Continental Assessment Framework for Africa
(CAF-Africa) is particularly significant. Such aframework could provide shared standards for com-
petence-based assessment while allowing for local adaptation. Regional moderation hubs, profes-
sional development networks, and digital platforms could support implementation, ensuring that
formative evidence is valued and trusted.

Moreover, integrating indigenous knowledge into STEM assessment not only enhances relevance
but also affirms learners’ identities. As Dei (2012) argues, education must empower learners to see
themselves as knowledge producers, not just consumers. By aligning assessment with African epis-
temologies, educators can foster deeper engagement, equity, and innovation.

In summary, the discussion of findings reveals that trainees increasingly understand assessment as
atool for learner empowerment, value authentic and contextualized assessment practices, and rec-
ognize the need for systemic cultural transformation. The participants’ reflections affirm that for
CBE to be effectively institutionalized, assessment reforms must be accompanied by mindset
change, continuous professional development, and regional collaboration to sustain quality and rel-
evance in African education systems. Together, these findings suggest that while there is conceptual
alignment with CBE ideals, successful implementation depends on addressing both technical capac-
ity and entrenched cultural practices within schools.
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6. Recommendations and Policy | mplications 6.1 Policy Recommendations
i. Rebalancing Assessment Weighting Toward Formative Evidence

It is recommended that national education authorities adopt a restructured assessment model that
allocates at least 70 percent of learner evaluation to formative assessment evidence, and no more
than 30 percent to summative verification. This adjustment aligns with the core philosophy of Com-
petence-Based Education (CBE), which emphasizes learners’ ability to apply knowledge, skills, and
valuesin authentic contexts. International research demonstrates that formati ve assessment enhances
learner engagement, supports mastery, and promotes higher-order thinking (Black & Wiliam, 2009).
A re-weighted assessment framework would promote continuous learning and reflection, nurturing
creativity, innovation, and problem-solving rather than over reliance on recall-driven examinations.

ii. Development of National Guidelines on Authentic Assessment The Ministry of Educa-
tion, through the Curriculum Development Centreand the  Examinations Council of Zam-
bia, should develop comprehensive nationa guidelinesthat mandate the integration of au-
thentic assessment tasks and establish clear moderation protocols. These guidelines
should ensure that assessment tools capture performance-based evidence, reflect con-
textual realities, and maintain reliability and fairness across schools. Institutionalizing such
standards would strengthen quality assurance mechanisms and ensure consistency in
the evaluation of competencies nationwide.

iii. Continental Collaboration through acommon Framework At the regional level, it is rec-
ommended that the African Union (AU) coordinate the creation of a Continental As-

sessment Framework (CAF-Africa) to harmonize assessment standards and promote
shared benchmarks for competence devel opment. This initiative would enhance policy
coherence, mutual recognition of qualifications, and inter-country  learning mobility.

CAF-Africacould further serve as aplatform for exchanging best practices, advancing teacher
capacity building, and fostering research collaboration among African education systems.

6.2 Implicationsfor Practice

The findings of this study have important implications for educators, school leaders, and training
ingtitutions such as the National Science Centre (NSC).

i. For Educators: Teachers need to reorient their instructional approaches to align with
formative and performance-based assessment. Continuous professional development
(CPD) programs should prioritize practical strategies for designing, implementing, and
interpreting authentic tasks that assess learners’ competencies holistically.

ii. For Heads of Department (HoDs): HoDs play a pivotal role in cascading CBE principles
within their departments. The training strengthened their capacity to lead change, mentor
colleagues, and model reflective practice. Sustained leadership support and peer
collaboration are essential for embedding a culture of formative assessment within schools.

iii. For Training Ingtitutions. The NSC and similar institutions should allocate more training
days for CBE capacity-building programs to allow for deeper engagement with assessment
frameworks, digital tools, and reflective practice. Extending the training duration would
facilitate mastery, peer exchange, and the development of competence-oriented learning
materials tailored to local contexts.
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iv. For Policy Implementers: Successful implementation of these recommendations requires
an integrated approach linking policy, practice, and research. Collaboration between
ministries, teacher education institutions, and regional bodies will be vital in sustaining
momentum toward a truly competence-driven education system in Zambia and beyond.

7. Conclusion

This study highlights the urgent need to transform assessment practices across African education
systems—from emphasizing recall of content to demonstrating real competence in authentic con-
texts. Evidence from the AfriSTEM discussion and the training of Heads of Department reveal ed
that educators increasingly recognize the limitations of summative assessment and the transforma-
tive potential of formative, performance-based evaluation to cultivate creativity, innovation, and
problem-solving skills.

The ongoing shift from recall to real in African STEM education calls for a complete reimagining
of assessment practices. Competence-Based Learning must be complemented by Competence-
Based A ssessment—anchored in authenticity, equity, and learner empowerment. Theinsights shared
by African educatorsin this study provide aroadmap for this transformation, emphasizing the need
for contextually grounded, practical, and inclusive assessment approaches that reflect what |earners
can do, not merely what they know.

Moreover, the establishment of a Continental Assessment Framework for Africa (CAF-Africa), led
by the African Union, offers a strategic avenue for harmonizing standards, promoting mutual recog-
nition of competencies, and advancing shared educational goals across the continent. Realizing this
vision, however, demands systemic and cultural change, sustained professional development, and
coherent policy alignment at both national and regional levels.

Ultimately, the future of STEM education in Africa depends on how effectively education systems
can bridge the gap between curriculum intent and classroom practice—ensuring that assessment
becomes a tool for empowerment, innovation, and lifelong learning rather than mere certification.
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ABSTRACT

: In 2023, the Knowledge Co-Creation Programme (KCCP) course "Enhancing Teacher Profes-
siona Growth in STEM Education: Towards Effective STEM Learning Outcomes' revolution-
ized geometry education through a constructivist approach grounded in the Lesson Study mode!.
The course developed a curriculum item and concept map for shapes, integrating two-dimen-
sional (2D) and three-dimensional (3D) shapes from Early Childhood Education (ECE) to soci-
etal contexts. Emphasizing 2D shapes as gateways to understanding complex 3D structures is
crucia for STEM learning. This paper aimsto profile gaps and challenges in current mathemat-
ics curricula across African nations, including Uganda, and advocate for concept-driven ap-
proaches in mathematics education through insights gained from K CCP participants.

The existing syllabi in Uganda and other African nations like Botswana, Ghana, Malawi, Nige-
ria, Namibia, and Zambia focus on discrete topics rather than overarching concepts, leading to
redundancy and missed opportunities for comprehensive understanding. These curriculaempha
size conventional shapes while overlooking irregular objects prevalent in society, aiming to im-
part knowledge without encouraging the design and construction of products based on theoreti-
cal concepts.

Recent studies support concept-based curricula for improving educationa outcomes. Hiebert
and Grouws (2007) highlight that such approachesfacilitate deeper understanding and long-term
retention by contextualizing topics in real-world applications. Clements and Sarama (2011) ar-
gue for coherent, connected curricula to boost mathematical reasoning and problem-solving
skills, consistent with findings from the KCCP course. Analysis of daily reflections gathered
over the training period from 11 participants—including teacher trainers, classroom teachers,
in-service teacher trainers, and a mathematics curriculum designer—reveals significant repeti-
tion and surface learning, prompting recommendations for African curricula to adopt concept-
driven approaches.

K eywor ds: Concept Mapping, Geometry Education, Lesson Sudy Maodel, Curriculum Reform,
Real-World Applications

1.0 Introduction

In the ever-evolving landscape of STEM education, the quest for effective teaching methodol ogies
that cultivate profound conceptual understanding and practical relevance has never been more criti-
cal. In 2023, the Knowledge Co-Creation Programme (KCCP) in Zambia embarked on a transform-
ative journey in geometry education, pioneering aconstructivist approach rooted in the Lesson Study
model. Thisgroundbreaking initiative not only encourages active collaboration among educators but
also integrates a robust curriculum item and concept map designed to span from Early Childhood
Education (ECE) to real-world societal applications. At its core lies the recognition of two-
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dimensional (2D) shapes as foundational elements essential for comprehending intricate three-di-
mensional (3D) structures—fundamental for advancing STEM disciplines.

Despite these advancements, many African nations, including Uganda, continue to adhere to math-
ematics curricula that prioritize discrete topics over comprehensive conceptual frameworks. This
narrow focus often leads to repetitive content and missed opportunities to foster a holistic under-
standing of shapes within broader societal contexts. This educational gap persists even as modern
paradigms advocate for concept-driven approaches capable of bridging theoretical knowledge with
practical applications.

Educational scholars like Boaler (2016) advocate for strategies that promote mathematical thinking
through problem-solving and interdisciplinary connections, echoing the objectives of the KCCP in-
itiative. Furthermore, research by Nasir and Hand (2008) underscores the significance of culturally
responsive teaching practices in enhancing student engagement and achievement in mathematics.
These scholarly insights underscore the urgent need for coherent, connected curricula that deepen
student understanding and prepare them for the multifaceted challenges of contemporary STEM
landscapes.

By analyzing reflections from a diverse cohort of international and national participants, it becomes
evident that African educational systems must urgently embrace concept-driven approachesin math-
ematics education. Such initiatives promise to enhance learning outcomes, empower educators, and
equip students with essential skills for navigating interdisciplinary challengesin the future.

2.0 Objectives

The objectives of thispaper are: 1.To share the existing gaps and challengesin current mathematics
curriculaacross African nations, including Uganda, regarding the teaching and learning of geometric
shapes.

2.To advocate for the adoption of concept-driven approaches in mathematics education through
insights gained from international and national participants, emphasizing deeper learning and
real-world application.

3.0 Problem statement

The current mathematics curricula in African nations, including Uganda, often prioritize discrete
topics over comprehensive conceptual frameworks. This results in repetitive content and missed
opportunities to cultivate a profound understanding of geometric shapesin diverse societal contexts.
Despite global advancementsin educational theory advocating for concept-driven approaches, these
systems struggle to effectively bridge theoretical knowledge with practical applications, limiting
students' ability to tackle real-world STEM challenges with confidence. This paper aimsto highlight
these persistent gaps and challenges within African mathematics education and proposes the adop-
tion of concept-driven methodol ogies. By emphasizing integrated learning experiences, contextual -
ized applications, and the development of critical thinking and problem-solving skills, this approach
aligns with global educational trends that advocate for holistic, real-world learning in mathematics
(Boder, 2016; Nasir & Hand, 2008). The goal isto enhance student learning outcomes, foster inter-
disciplinary connections, and prepare students to navigate the complexities of modern STEM disci-
plines effectively.
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4.0 Literature Review

In the dynamic landscape of mathematics education, particularly in African nations like Uganda, the
prevailing emphasis on discrete topics within curricula often undermines the development of com-
prehensive conceptual frameworks (Boaler, 2016). This traditional approach tendsto foster surface-
level learning and rote memorization, which hampers students' ability to engage deeply with real -
world challenges, especially in STEM fields where interdisciplinary knowledge and problem-solv-
ing skills are essential (Nasir & Hand, 2008).

Global educational trends advocate for concept-driven approaches as a remedy for these shortcom-
ings. Such methodol ogies integrate mathematical concepts across diverse domains and embed them
within real-world contexts, thereby enhancing student engagement and facilitating long-term reten-
tion of knowledge (Hiebert & Grouws, 2007; Van de Walle et a., 2019). These approaches are
recognized for promoting critical thinking, problem-solving skills, and interdisciplinary connections
crucial for successin modern STEM disciplines (Clements & Sarama, 2011).

For example, Hiebert and Grouws (2007) underscore the effectiveness of contextualizing mathemat-
ics through real-world applications to deepen understanding and relevance, while Clements and
Sarama (2011) advocate for coherent, connected curriculathat foster mathematical reasoning across
interdisciplinary learning experiences.

Recent studies further highlight the efficacy of concept-based curricula in improving educational
outcomes and preparing students for the complexities of contemporary society (Boaler, 2016;

Nasir & Hand, 2008). Through an analysis of reflections from participants of the Knowledge Co-
Creation Programme (KCCP) in 2023, including teacher trainers and curriculum designers, this
study highlights significant gaps in current curricula across African nations and advocates for
reforms that prioritize integrated, contextualized learning experiences.

The Lesson Study model emerges as a potent framework within this context, facilitating
collaborative inquiry among educators to investigate and refine teaching practices collectively
(Stigler & Hiebert, 1999). Anchored in the Lesson Study model, the KCCP'sinitiative in 2023
transformed geometry education in Zambia by adopting a constructivist approach, exemplifying
how Lesson Study can drive teacher professional growth and enhance instructional quality (Lewis
& Hurd, 2011; Fernandez & Y oshida, 2004). This integration not only deepens educators
pedagogical content knowledge but also fosters a culture of continuous improvement and
knowledge sharing among teachers (Lewis, Perry, & Murata, 2006).

By synthesizing insights from KCCP participants, this research identifies pathways for African
mathematics education to embrace concept-driven approaches that bridge theoretical

knowledge with practical application, aming to enhance educational quality, empower
educators, and prepare students effectively for the challenges of contemporary STEM disciplines
and beyond.
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5.0 Methodology

This study adopted a qualitative descriptive research design integrating document analysis, daily
reflections, and collaborative inquiry grounded in Lesson Study and concept mapping. This aligns
with recommendations by Sandelowski (2000) on the use of qualitative description for capturing
natural educational contexts and by Bowen (2009) who supports document analysis as a rigorous
method for evaluating curriculum structures. A total of 11 participants—including teacher trainers,
curriculum specialists, and classroom teachers—were selected through purposive sampling based
on their involvement in curriculum development and instructional practice across different educa-
tional levelsin Africa

5.1 Data Collection Methods
Three complementary methods were used:
i)Document Analysis of mathematics curricula from: Uganda, Botswana, Ghana, Malawi,

Nigeria, Namibia, and Zambia. This enabled examination of topic repetitions, fragmen-
tation, and absence of conceptua progression in teaching geometric shapes. ii)Daily Reflec-

tion Surveys where participants recorded their evolving understanding of: oCon-
cept vs content oScope and sequencing oGeometry relevance to real-
life 02D-3D conceptual progression iii)Collaborative Discussions using Lesson

Study cycles and concept mapping to construct acoherent curriculum model from Early Child-
hood Education (ECE) to societal application.

5.2 Methodological Contribution

By triangulating document analysis, reflection data, and collaborative curriculum design, this study
generated practical evidence for transitioning from content-based instruction to concept-driven ge-
ometry education, aligned with real-world STEM competencies.

6.0 Resultsand Data Analysis

6.1 Data Analysis
Data from daily reflections and curriculum documents were analysed using qualitative thematic

analysis, following systematic coding procedures that aligned with the problem statement and
research objectives. Five key themes emerged:

Table 1:Findings from thematic analysis

Theme Key Findings/ Interpretation

Geometry topics such as area, volume, and shapes appeared repest-
1. Fragmentation andedly across grade levels without conceptual linkage. Content was re-
Repetition in Geometry| cycled instead of developed progressively, leading to surface learn-
Teaching ing and confusion. As one participant noted, “I realised we teach
the same topic every year but never connect it.” (Participant 3)
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Theme Key Findings/ Interpretation

Educatorsinitially treated content as syllabus coverage. Through re-
flection, they came to understand that concepts provide the
structure of learning, while content should serve the concept — not
replace it. As expressed in a reflection, “I focused on finishing top-
ics, not building ideas. Now I understand concepts first.” (Partici-
The collaboratively designed scope and sequence (ECE to society)
3. Scope and Sequence helped participants visualise how geometry could be structured pro-
as a Curriculum Reform gressively rather than repeated. This was seen as transforma-
Tool tive: “For the first time I saw geometry as one complete jour-
ney. ’(Teacher Trainer 5)
Concept mapping helped teachers visualise rel ationships between
shapes and move away from topic lists, allowing curriculum plan-
ning
based on learner growth. “The map made me connect ideas instead
5. Shift from Procedural | Participants shifted from viewing geometry as formula-based to rec-
Learning to Deeg ognising it asatool for design, innovation, and real-world STEM
Conceptual problem-solving. As one teacher remarked, “Geometry is something|
Understanding we can design with — not just calculate.” (Teacher 4)
These themes demonstrate that combining document analysis, concept mapping, and Lesson Study

2. Concept vs Content
Misunderstanding

4. Role of Concept
Mapping in Conceptual
Change

produces practical evidence for geometry curriculum reform. The study shows that concept-driven
learning is not only feasible but necessary for transforming STEM education across African

contexts.

7.0 Discussion

7.1 The Concept map on Shapes

The concept map (Figure 2) illustrates how geometric understanding can be structured
progressively — beginning with 2D shapes and extending logically into 3D concepts. This visual
representation challenges the dominant practice in many African curricula, where geometry is
taught as isolated, repetitive topics rather than as a connected pathway of ideas. Topics such as
perimeter, area, surface area, and volume are often presented across several grade levels without
conceptual linkage, resulting in surface learning and limited transfer of knowledge.

Reflection data validated this issue, with one participant noting, “We teach perimeter and volume
in different years but never show learners how one leads to the other.” (Participant 6). The concept
map provides a corrective approach by positioning 2D shapes as foundational knowledge, which
must precede and support understanding of 3D shapes. This aligns with constructivist theory, which
maintainsthat new understanding must grow from prior conceptual structuresrather than from mem-
orised facts.

When participants engaged with the concept map during the study, they began to view geometry as
an interconnected system of ideas, rather than discrete content to be covered. As one teacher ex-
plained, “The map helped me see geometry as a journey, not just topics.” (Participant 7). This shift
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indicatesamove from procedural teaching toward concept-driven curriculum design, wherelearning
is structured around cognitive progression rather than syllabus completion.

Document analysis further revealed that while curricula in severa African nations (Uganda, Bot-
swana, Ghana, Malawi, Nigeria, Namibia, Zambia) contain similar topics, they lack conceptual co-
herence, leading to overlap and shallow instruction. The concept map therefore presents amodel for
curriculum reform, offering a structured visual framework that supports:

econceptual progression (2D — 3D), ecurriculum coherence across grade levels, estronger foun-
dations for STEM application, ereduction of topic redundancy.

Thus, the concept map becomes more than avisual tool — it acts as evidence for curriculum restruc-
turing, advocating a shift from content-based repetition to concept-based progression that supports
higher-order thinking and real-world STEM problem solving.

Concept Map: SHAPES

20s i 3Ds

Perimeter Area S Au r¢| °:¢ Volume

Figure 2: Concept Map Showing Conceptual Progression from 2D to 3D Shapes
These outcomes align with Hiebert & Grouws (2007) and Clements & Sarama (2011), who

emphasize that conceptual coherence enhances retention and real-world application. The
integration of constructivist approaches and Lesson Study enabled teachers to collaboratively
refine teaching materials and reflect on practice. This strengthened pedagogical content knowledge
and provided amodel for future educational reform.

7.2 Scope and Sequence: Early Childhood Education to Society
A Conceptual Progression of Shapes

To respond to the curriculum gaps identified in the problem statement and supported by findings, a
concept-driven scope and sequence for shapes was collaboratively developed during the study. This
model demonstrates how geometric understanding can progress logically and devel opmentally from
Early Childhood Education to societal application. Unlike existing curricula—which frequently re-
peat topics without conceptual linkage—this structure shows how learning can build from 2D foun-
dations toward 3D thinking, spatial reasoning, and real-world STEM innovation.

This scope and sequence provide concrete evidence of how geometry can be planned as a conceptual
journey rather than alist of isolated syllabus topics. It directly complements the concept map dis-
cussed earlier and serves as a prototype for curriculum reform grounded in constructivist principles
and competence-based education.
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Table 2: Concept-Driven Progression of Shapes from Early Childhood to Societal Application

Emergent

Level 2D Conceptual Focus Transition to 3D Con- )
Competencies

rantc

Informal play with boxes,
balls & toys (real 3D Identify shapes

< irrnn inAdinnc

Early Childhood | Naming

/ Nursery and
roacnnini zina flat chan exposure)

Draw 2D  shapes;
Lower Primary  junderstand basicObserve  red Sort objects as 2D vs
properties oN

objects:

Emergent

Level 2D Conceptual Focus Transition to 3D Con- )
Competencies

rantc

Regular vsirregular Sketch simple 3D forms. | Begin representing real

Upper Primary shapes cube, prism, pyramid forms
L ower Area & perimeter of |Nets, symmetry, prisms, Construct 3D models
Secondary irregular shapes pyramids from 2D nets
Tetrahedrons, locus, skew
Formal geometry & |lines, projections, anglesbe-|Use  geometry ir]
Upper Seconolarytransformati on tweenplirjl&s and pl anges, vol-| engineering contexts
umes, surface area
. . Calculus, differentiation,
Tertiary Technica dras/\_n ng & optimizationProduct de-
concepiual design based on shape behaviour [sign,
Shapes in  logos,| Architecture, construction,
Society Level  |signage, packaging & | manufacturing, Analyse & create design

art sustainability solutions

Although early education formally introduces 2D shapes first, children naturally interact with 3D
objects much earlier through everyday play — using boxes, bottles, toys, balls, and logos. However,
these experiences are rarely recognised as mathematical learning opportunities. The curriculum
analysis confirmed that most syllabi predominantly focus on regular, perfect shapes, whileirregular,
natural, and artistic forms found in real environments are largely ignored. This creates a disconnec-
tion between lived experience and classroom learning, which hampers conceptual development. As
one participant noted, “Children draw 2D shapes at school but play with 3D ones at home. Our
curriculum separates them.” (Participant 4). Another educator reinforced thisby saying, “We teach
perfect shapes, but life is full of beautiful irregular ones.”(Participant 9). These reflections highlight
akey curriculum gap — geometry is taught procedurally rather than conceptually, limiting learners’
ability to connect mathematics with redlity.

8.0 Recommendations

The findings of this study have implications that go beyond geometry teaching and learning. They
speak to the broader aspirations of SDG 4 (Quality Education), SDG 9 (Industry, Innovation and
Infrastructure), SDG 11 (Sustainable Cities and Communities) and the African Union’s Agenda
2063 — “The Africa We Want”, which calls for a prosperous, innovative, people-centred Africa
driven by its youth and by science, technology and innovation. Based on the outcomes of the study,
the following recommendations are proposed:

Journal for Science, Technology, Engineering and Mathematics Education in Africa (JSTEMEA) - Volume 1, Number 1, January 2026



Concept-Driven Geometry Education: Enhancing STEM Learning through Constructivist Approaches pp 56-66

8.1 For Curriculum Designers

eRedesign mathematics curricula so that geometry is concept-driven rather than topic-driven, fol-
lowing a clear progression from 2D to 3D to calculus and modelling, as shown in the concept
map and scope-sequence framework.

e Avoid repetition of the same topics in different class levels without conceptual linkages.
Instead, define developmental conceptual milestones across Early Childhood, Primary, Secondary,
Tertiary and Society.

e|ntegrate irregular, natural and artistic shapes (e.g., local crafts, logos, building forms, land-
scapes) alongside regular shapesto reflect real African environments and culture, contributing
to Agenda 2063’s call for culturally grounded development.

eEmbed concept maps and scope—sequence charts in official curriculum documents as tools
for planning, showing explicitly how geometry concepts grow across levels.

eMake clear links between geometry and STEM pathways (engineering, architecture, design,
manufacturing), supporting SDG 9 and Agenda 2063’s focus on industrialisation and innova-
tion.

8.2 For Policy Makersand Education Planners

eRecognise geometry as a strategic subject for STEM and innovation, not just as a set of exam
topics. Position geometry as a gateway to engineering, architecture, design and digital indus-
triesin policy documents.

eAlign curriculum reforms with SDG 4 and Agenda 2063 by emphasising conceptual
understanding, creativity and problem-solving rather than syllabus coverage.

elnvest in national and regional professional development programmes that use Lesson Study,
concept mapping and curriculum analysis to help teachers implement concept-driven geome-
try.

eEncourage collaboration between Ministries, Curriculum centres, Universities, Teacher Train-
ing Colleges, In-Service Education providers (SESEMAT/SMASE) and Industry to ensure
geometry education responds to labour market and community needs.

eSupport the development of African-made teaching resources and contextual examples (local
housing, markets, transport systems, informal settlements, environmental challenges) that
bring “The Africa We Want” into classroom practice.

8.3 For Assessment Bodies and Examination Boards

oShift from predominantly procedural, recall-based geometry items to tasks that require
reasoning, modelling, design and decision-making in real-world contexts.

eDevelop assessment frameworks and exemplar banks that include:
e Interpretation of concept maps and diagrams
e Design problems (e.g., roofing, packaging, water tanks, community structures)
e Useof irregular shapes and redlistic data

e Align school-based assessment and national examinations with CBC/CBE principles, ensuring
that |earners demonstrate competence, creativity and critical thinking in geometry.
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elnclude assessment tasks that reflect SDG 11 (e.g., planning safe, sustainable structures,
use of space, urban planning mini-projects).

8.4 For Teacher Education and Continuous Professional Development (CPD)

e|ntegrate concept mapping, Lesson Study and curriculum document analysis into pre-service
teacher education so that new teachers enter schools with conceptual tools, not just content
notes.

eTrain teachers to
e Analyse curricula vertically (ECE — Society) to identify gaps and repetition
e Usereal objects and community contexts to teach geometry (local houses, kiosks,
boda stages, bridges, markets)
e Plan lessons around conceptual journeys (e.g., 2D — nets — 3D — calculus/modelling)

eMake reflective Lesson Study cycles a core element of CPD, where teachers jointly plan,
teach, observe and refine concept-driven geometry |essons.
eEncourage teacher educators and CPD providers to explicitly link their work to SDG 4 and
Agenda 2063, so geometry reform is not seen as an isolated classroom issue but as part of
Africa’s transformation agenda.

8.5 For Classroom Teachers

eTreat geometry as a story of ideas, not a list of formulas. Start lessons from learners’ real expe-
riences with 3D objects (boxes, bottles, houses, art, logos) and connect them back to 2D rep-
resentations and cal culations.

eUse concept maps in lesson planning to show how perimeter, area, surface area and volume
are connected, rather than teaching them as separate topics.

eIncorporate irregular and non-standard shapes from the environment to encourage credtivity
and critical thinking:

Roof designs
Local craftwork
Traditional architecture

e Market arrangements, gardens, road networks

eDesign small project tasks where learners must design or improve something in their
community (e.g., a shade, simple shelter, noticeboard, water tank stand) using geometry—
thereby linking your teaching to SDG 9 and SDG 11.

ePromote collaborative reflection by discussing which concepts learners struggled to  connect
and adjusting lesson plans based on that feedback.

8.6 For Communities, Industry and Wider Society

eSchools and communities should partner to show learners how geometry is already being
used in:

e Local housing and construction
e Tailoring and fashion design
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e Furniture making
e Packaging, branding and signage
e Transport design and route planning
eIndustry players (construction companies, engineering firms, tech hubs, design studios) can
mentor learners and teachers through talks, visits and joint projects, demonstrating the link
between classroom geometry and real jobs, in line with Agenda 2063’s vision of a skilled,
innovative youth population.
e Encourage community projects where learners use geometry to solve practical problems (simple

drainage, shade structures, low-cost teaching aids, recycling-based artefacts), reinforcing the
idea that mathematics contributes directly to “The Africa We Want”.

8.7 For Future Research and Regional Collaboration
elnvestigate how concept-based geometry teaching influences:
e Learners’ spatial reasoning and problem-solving
e Interestin STEM careers
e Performance in calculus and advanced mathematics

eConduct cross-country comparative studies within Africa to examine how concept-driven
models, such as the one developed in this study, can be adapted and scaled across different
contexts.

eBuild regional research networks and hubs around concept-driven STEM education, aligned to
Agenda 2063 and the Continental Education Strategy for Africa (CESA), so that geometry
education reforms feed into broader continental goals.

8.0 Conclusions

This study revealed that geometry in many African curricula is taught as a series of fragmented
topics rather than as a conceptual progression. Document analysis and participant reflections con-
firmed frequent repetition of 2D and 3D topics across levels, with limited linkage to real-world
contexts. The concept map and scope-sequence model developed in this study demonstrated how
geometry can evolve logically—from early childhood experiences with shapes to advanced reason-
ing, modelling, and STEM applications.

The findings highlight the need to shift from content-driven teaching to concept-driven geometry
education, where 2D shapes serve as the foundation for understanding 3D forms, spatial reasoning,
and eventually calculus and design. Such an approach aligns with CBC, CBE, SDG 4 (Quality Ed-
ucation), and Agenda 2063’s vision of a skilled, innovative Africa.

Adopting concept-based approaches can enhance learner understanding, reduce curriculum repeti-
tion, and open pathways to STEM careers. Further research is recommended to explore how con-
ceptual learning in geometry influences performance, innovation, and learners’ problem-solving ca-
pacity in real-world contexts.
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ABSTRACT

Africa’s shift toward Competency-Based Curricula (CBC) reflects a continental commitment to
education that fosters innovation, practical skills, values, and sustainable development in line
with Agenda 2063. However, assessment systems across many African countries remain an-
chored in colonial, recall-based traditions that weaken assessment validity. This paper examines
the validity of Competency-Based Assessment (CBA) practicesin Zambia, Uganda, Kenya, and
Tanzania using teacher interviews, policy analysis, and document review. Guided by the 3H
Model—Head (Cognitive), Hands (Psychomotor), and Heart (Affective)—the study reveal sthat
current assessments overemphasize knowledge recall while neglecting practical performance
and va ues-based competencies. The integrated findings highlight systemic gaps, including in-
sufficient teacher capacity, limited application of indigenous knowledge, and weak alignment
with holistic CBC goals. The study proposes an African-centered validity framework based on
the 3H Model to strengthen CBA practices across the continent.

1. Description of Termsand Abbreviations

CBC - Competence-Based Curriculum: An educational framework emphasizing mastery of com-
petencies — integrating knowledge, skills, and attitudes to prepare learners for real-world problem
solving.

CBA - Competency-Based Assessment: An assessment approach that measures learners’ perfor-

mance against clearly defined competencies rather than comparing them with others. It focuses on
validity, reliability, authenticity, and fairness (BCSEA, 2022).

CBE - Competence-Based Education: An instructiona system in which learning outcomes are
defined as measurable competencies that learners must demonstrate to progress.

3H Mode — Head, Hands, and Heart: Anintegrated model of learning and assessment devel oped
by Mulenga (2024) that captures cognitive (Head), psychomotor (Hands), and affective (Heart) com-
petencies.

Validity:

The degree to which an assessment accurately measures the intended | earning outcomes or compe-
tencies.

Reliability:

The consistency of assessment results when repeated under similar conditions.
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Authentic Assessment:
Assessment tasks that mirror real-life contexts, requiring learnersto apply their knowledge and skills
meaningfully.

Formative Assessment:
Assessment for learning, used continuously to provide feedback and guide instruction.

Summative Assessment:
Assessment of learning, conducted at the end of alearning period to evaluate overall achievement.
Rubric:

A scoring guide outlining criteria for evaluating the quality of a learner’s performance in line with
CBA standards

2. Introduction

The African nations are redefining their education systems through Competency-Based Curricula
(CBC), aiming to develop learners who can apply knowledge, demonstrate practical skills, and em-
body values such as responsibility and ethical citizenship. Despite this progress, assessment prac-
tices continue to rely heavily on colonial-style examinations, resulting in a validity gap between
curriculum intent and actual evaluation. The 3H Model—Head, Hands, and Heart—provides a cul -
turally resonant framework that aligns with African philosophies such as Ubuntu/Umunthu. It ena-
bles holistic evaluation by addressing cognitive, practical, and affective competencies essential for
sustainable development under Agenda 2063.

3. Literature Review

Competence-Based Education (CBE) emphasizes mastery learning—where learners demonstrate
competencies through applied knowledge and performance (UNESCO IBE, 2016; BCSEA, 2022).
The paradigm shifts from traditional to competency-based assessment reorients education from
knowledge accumulation to holistic capability development. BCSEA (2022) underscores that Com-
petence Based Assessment (CBA) must integrate three learning domains: the cognitive (knowledge),
psychomotor (skills), and affective (values). This aligns directly with Mulenga’s (2024) 3H Model,
which localizes these domains as Head, Hands, and Heart. Similar approaches have been adopted in
Kenya, Rwanda, and Singapore, where assessments integrate project-based tasks, simulations, and
reflective exercises (KNEC, 2020; Tan & Lee, 2020). The CBA framework’s principles— validity,
reliability, authenticity, and fairness—offer critical benchmarks for Zambia’s CBC transformation.

4. Problem Statement

Despite Zambia’s 2023 implementation of the Competence-Based Curriculum (CBC), assessment
practices largely remain traditional, emphasizing factual recall rather than practical and attitudinal
competencies. Teachers report limited guidance on developing valid CBA tools and face difficulties
integrating psychomotor and affective domains, challenges intensified by the absence of standard-
ized rubrics and authentic, context-based tasks.

As highlighted by BCSEA (2022), assessment validity depends on alignment with real-world com-
petencies, reliability, and fairness criteria that current practices do not consistently meet.
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This challenge reflects a broader continental trend: although CBC reforms across Africa advocate
for holistic learning encompassing knowledge, skills, and values, assessment systems remain dom-
inated by cognitive recall inherited from colonial examination models.

Consequently, learners are insufficiently prepared to address African challenges such as climate
resilience, digital inequity, food security, and indigenous innovation.

These gaps underscore the urgent need for aculturally grounded assessment framework that captures
holistic learner development and aligns with Africa’s transformative educational goals

5. Resear ch Objectives
1. Examine the validity of CBA frameworks in African countries.
2. ldentify gaps between current assessment and holistic competency devel opment.
3. Demonstrate how the 3H Model enhances assessment validity.
4. Promote integration of African knowledge systems and sustainability in assessments.

6. Resear ch Questions

1. Do you use Competence Based Assessment Framework (CBAF) from MoOE to help you
create valid CBAS?

2. What do you usually incorporate in your Assessments?

3. How effective are your methods of measuring learners’ real competencies?

7. Resear ch M ethodology

The study employed a qualitative descriptive design targeting 20 secondary school teachers from
Northern, Copper belt, Lusaka, and Eastern provinces. Data collection involved interviews, focus
groups, and document analysis. Secondary data included policy documents and guides such as the
BCSEA (2022) Test Item Devel opment Guide and the Zambia CBC Framework (CDC, 2023). The-
matic analysis was used to identify recurring issues related to validity, teacher capacity, and integra-
tion of the 3H Model.

8 Sampling

A total of 215 teachers, purposively selected from Zambia, Tanzania, Kenya, and Uganda, partici-
pated in the study. These teachers were drawn from diverse school settings—urban, peri-urban, and
rural—to ensure a broad representation of experiences and practices across the region. Purposive
sampling was used to target teachers who had direct experience with implementing competence
based curricula, conducting assessments, or supervising learner projects, as their expertise was es-
sential for providing rich and credible data. Theinclusion of participantsfrom four countries alowed
for meaningful cross-country comparisons and offered insights into both shared challenges and
unique national contexts within East and Southern Africa's evolving competency-based education
landscape. 215 purposively selected teachers from Zambia (185), Tanzania (22), Kenya (5), and
Uganda (3) participated
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9. Data Collection

Datafor the study were gathered using multiple complementary sourcesto ensure depth and validity.
Semi-structured interviews were conducted with key stakeholders, including teachers to capture
their experiences, perceptions, and insights on existing assessment practices. In addition, national
assessment policy documents were analyzed to understand the official frameworks, expectations,
and guidelines shaping assessment within the education system. Examination papers and learner
projectswere reviewed to examine thetypes of tasks, competencies assessed, and the extent to which
they reflect practical, inquiry-based, and context-responsive learning. Finally, school-level rubrics
and assessment tool swere collected to explore how individual schoolsinterpret and implement com-
petency-based assessment in practice. Together, these data sources provided a comprehensive pic-
ture of assessment policies, practices, and gaps across different levels of the education system.

10. Findings and Discussion

The figure above showed that 55.7% did not use any framework for assessment, 8.2% were not sure
and 36.1% were sure of using the framework.
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Select what you incorporated in your Assessments?

I Head (Cognitive skills / Knowled... [l Hearl (Values, attitudes, empathy) Hands (Practical skills / Applicati...
I I
0
assessment 1 assessments 2 assessments 3

The figure above reveled the assessment domain coverage blue bar represents HEAD (cognitive),
red bar HEART (Values attitudes, empathy), and yellow bar HANDS (practical skills).

In your opinion, how effective are your methods of measuring learners’ real competencies

215 responses

@ Very effective
@ Slightly effective
Not effective

The figure above showed that 73.8% said their assessment were dlightly effective, 9.8% said were
not effective and only 16.4% said their current methods were very effective.

Findings revea persistent gaps in teacher competence, limited resources, and lack of standardiza-
tion. Approximately 75% of teachers expressed difficulty designing assessments that capture prac-
tical and affective learning competencies. BCSEA (2022) emphasi zes that valid assessments should
test learners’ ability to transfer knowledge and values to new situations, ensuring the assessment
measures both process and product. In Zambia, overreliance on written tests contradicts these prin-
ciples. Implementing the 3H Model within CBA ensures holistic validity Head addresses cognitive
mastery, Hands measures applied competence, and Heart evaluates attitudes and ethical reasoning.
The guide’s call for authenticity, fairness, and flexibility strengthens this alignment.

11. Proposed Structureof aValid CBA using 3H M odel

The 3H Modd is a holistic assessment approach that evaluates learners in three domains Head,
Hands and Heart, ensuring competence in knowledge, skills, and values.
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Based on BCSEA (2022) and Mulenga (2024), a valid CBC assessment should balance formative
and summative modes and encompass four integrated sections:

1. Knowledge and Recall (Head) 2. Understanding and Application (Head — Hands) 3. Practical
Performance Tasks (Hands) 4. Vaues and Attitudes Demonstration (Heart)

Integrating the 3H model

Each section must employ authentic, context-based tasks that demonstrate the learner’s ability to
integrate knowledge, perform skills, and exhibit values. The assessment design must adhere to prin-
ciplesof validity, reliability, authenticity, fairness, and cognitive complexity as outlined by BCSEA
(2022).
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12. Conclusion

Current Outcome-Based / Competency-Based Assessments focus mainly on knowledge (Head).
Skills (Hands) and values/char acter (Heart) are often overlooked. That creates avalidity gap, as
assessments do not fully reflect the holistic goals of the Competency-Based Curriculum (CBC).

Africa cannot realize true educational transformation without decolonizing its assessment systems.

The 3H Model bridges global standards and African values, promoting holistic, authentic, and sus-
tainable learning.

Learners who think critically (Head), act creatively (Hands), and live ethically (Heart) will drive
Africa’s transformation.

13. Recommendations

= Develop a Pan-African CBA framework grounded in the 3H Mode and African
indigenous philosophies.

= Create CBC assessment rubrics that clearly define competencies for Head (knowledge),
Hands (skills), and Heart (values).

» Integrate indigenous innovation, local materials, and sustainability practices into al
assessments.

= Strengthen teacher capacity through continuous CPD on competency mapping, holistic
item writing, and contextual task design.

» Replace recall-based testing with real-world, problem-based assessments rooted in  African

contexts.

= Promote regional benchmarking and collaboration across African countries to share best
practices.

= Establish 3H Innovation Awards to recognize learners who demonstrate balanced
competencies and indigenous cresativity
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ABSTRACT

Improving mathematics and science education is pivotal to Rwanda’s reform, emphasizing Pro-
ject-Based Learning (PBL). Yet, PBL implementation remains teacher-centered, constraining
collaboration, critical thinking, and problem-solving, despite policy advocating learner-centered
approaches. A mixed research approach was used to collect and analyze data. In thisregard, data
were collected from 120 secondary school teachers using structured questionnaires and semi-
structured interviews, and from 320 students using a 21st century skills questionnaire. Quanti-
tative data were analyzed using descriptive and inferential statistics, while qualitative data were
analyzed thematically. Findings revealed that teachers perceive PBL as highly effective in en-
hancing engagement (mean = 4.62, SD = 0.48) and conceptual understanding (mean = 4.54, SD
=0.51). Significant differences emerged by teaching experience (F (2,117) = 4.21, p< 0.05) in
favor of experienced teacher but no significant effect with regard to gender and educational level

(p <0.05). Thematic analysis further identified three dominant themes: (1) promotion of learner-
centered practices, (2) the need for ongoing professional support, and (3) challenges related to
limited teaching resources and time constraints. The study concludes that PBL has transforma-
tive potentia to modernize science and mathematics instruction and equip learners with critical

21st century skills. Based on these findings, teachers are recommended to embrace project-based
learning in the teaching of science and ma. The policymakers should prioritize systematic
teacher training and provide adequate resources required to implement PBL. Future research
also should explore the longitudinal impact of PBL on lifelong learning and entrepreneurial

skills.

Keywords

: Project-Based Learning, Mathematics and Science Education, 21st-Century Skills, Rwanda, and
Teacher Professional Devel opment.

1.Introduction

In the 21st century, education systems worldwide are experiencing a paradigm shift from traditional
teacher-centered approaches to learner-centered pedagogies that emphasize critical thinking, crea-
tivity, collaboration, and problem-solving (Herlinawati et a., 2024). This shift islargely influenced
by the growing recognition that today’s learners require more than rote memorization to thrive in
dynamic, technology-driven societies. Mathematics and science education, as the backbone of
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Science, Technology, Engineering, and Mathematics (STEM) fields, play a central rolein preparing
students to navigate complex global challenges such as climate change, technological innovation,
and sustainable development (Maspul, 2024). To achieve this goal, project-based learning (PBL)
has emerged as one of the most effective pedagogical strategies for modernizing teaching and learn-
ingin STEM disciplines.

Project-based learning is an instructional method that engages students in investigating authentic,
real-world problems over extended periods, integrating knowledge from multiple disciplinesto cre-
ate meaningful outcomes (Zhang, 2022). Unlike conventional lecture-based methods, PBL fosters
deeper conceptual understanding, promotes learner autonomy, and bridges the gap between class-
room theory and practical application. Through projects, learners are encouraged to apply mathe-
matical and scientific concepts in contexts relevant to their lives and communities, thus enhancing
motivation and long-term retention (Chang et a., 2022). Globally, the implementation of PBL in
STEM education has been associated with improved academic performance, higher-order thinking,
and the development of 21st-century competencies (Al-Thani & Ahmad, 2025; Aran, 2024).

Across developed and developing nations, there has been a renewed effort to reform mathematics
and science curricula to reflect 21st-century learning goals. Countries such as Finland, Singapore,
and South Korea have embraced inquiry-based and project-oriented pedagogies that promote col-
laboration, innovation, and contextualized learning (Lee & Lee, 2025). In African contexts, educa-
tional modernization has been driven by the African Union’s Agenda 2063 and the Sustainable De-
velopment Goal 4 (SDG 4), which emphasize quality and equitable education for all (UNESCO,
2022). These frameworks advocate for competency-based education that empowerslearnersto solve
real-world problems and contribute to national development. Consequently, project-based ap-
proaches are being increasingly recognized as tools for bridging the gap between knowledge acqui-
sition and application (Diana et a., 2021). However, the effective adoption of such approaches in
sub-Saharan Africa remains constrained by resource limitations, large class sizes, limited teacher
preparation, and traditional assessment systems that prioritize memorization over inquiry and prob-
lem-solving (Age, 2025; Chistyakov et al., 2023).

Rwanda’s education system has undergone significant transformation over the past two decades,
guided by the country’s Vision 2050 and the Ministry of Education’s commitment to building a
knowledge-based economy. The introduction of the Competence-Based Curriculum (CBC) in 2015
marked apivotal step toward modernizing education, emphasizing learner-centered pedagogies, dig-
ital literacy, innovation, and entrepreneurship (REB, 2016). Mathematics and science subjects are
central to this reform because they underpin technological advancement and national development
priorities.

Despite these reforms, severa studies have identified persistent challenges in achieving effective
learning outcomes in Rwandan secondary schools. Research indicates that while teachers are aware
of the CBC principles, many still rely heavily on traditional didactic methods due to limited peda-
gogical skills, insufficient instructional materials, and large student-to-teacher ratios (Gasana et d.,
2024). Consequently, students often perceive mathematics and science as abstract, difficult, and
disconnected from real-life applications (Nsengimana et al., 2024). This disconnect undermines
learners’ motivation and limits the development of critical and creative thinking skills that the CBC
seeksto nurture,
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Project-based learning provides a promising pathway to actualize the goals of Rwanda’s CBC by
linking theory to practice. It enables students to explore authentic problems, collaborate in groups,
and present findings that demonstrate both knowledge and application (Ndahimana & Nkunda-
bakura, 2023). PBL aligns well with Rwanda’s policy emphasis on active learning, innovation, and
problem-solving (Ukobizaba et al., 2025). Moreover, integrating PBL in mathematics and science
classrooms could foster scientific inquiry, mathematical reasoning, and the development of trans-
ferable skills such as teamwork, communication, and entrepreneurship

However, empirical studies examining the implementation and outcomes of PBL in Rwandan sec-
ondary schools are still limited. While the CBC encourages |earner-centered approaches, the extent
to which project-based learning has been adopted and its impact on students’ academic and non-
academic competencies remains unclear. Teachers often express uncertainty about how to design,
facilitate, and assess projects that align with curriculum standards while meeting examination re-
guirements (Ndayisenga, 2025). Thus, there is a need for systematic inquiry into how PBL can ef-
fectively modernize mathematics and science education within the unique contextual realities of
Rwandan schools.

The theoretical foundation of project-based learning is grounded in constructivist learning theory,
particularly the works of Piaget (1973) and Vygotsky (1978). Constructivism posits that learners
actively construct knowledge through experiences, reflection, and social interaction (Al Abri et al.,
2024). Within a PBL environment, learners engage in inquiry processes that require them to inte-
grate prior knowledge with new information to solve complex problems. Vygotsky’s social con-
structivism further highlights the importance of collaboration and scaffolding, which are central fea-
tures of PBL. Studentslearn from peers and teachers through guided interaction, gradually achieving
higher cognitive competence. Additionally, experiential learning theory (Kolb, 1984) supports PBL
by emphasizing the cyclical process of doing, reflecting, conceptualizing, and applying a sequence
inherent in project-based tasks.

In this context, the modernization of mathematics and science education in Rwanda requires inno-
vative pedagogical practices that cultivate both academic excellence and transferable skills. While
the CBC offers a strong policy foundation, its success largely depends on how teachers translate
learner-centered principles into classroom practice. PBL, as an active learning strategy, offers the
potential to transform traditional classroomsinto dynamic learning spaces that promote exploration,
collaboration, and innovation. Y et, despite its potential, there is limited empirical evidence on the
extent of PBL adoption in Rwandan secondary schools, teachers’ readiness to implement it, and its
impact on students’ engagement and achievement. Therefore, understanding how PBL contributes
to modernizing mathematics and science education is critical for policymakers, curriculum devel-
opers, and educators seeking to achieve the national goals of quality and relevant education. This
study thus seeks to fill this research gap by examining the application of project-based learning in
Rwandan secondary schools, its benefits, challenges, and implications for educational moderniza-
tion.

2.Resear ch Objectives

The main aim of this study isto explore how Project-Based Learning (PBL) can modernize mathe-
matics and science education in Rwandan secondary schools. Specifically, the study seeksto:
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a)Examine the current practices and extent of integration of project-based learning in teaching
mathematics and science in Rwandan secondary schools.

b)Analyze the effects of project-based learning on students’ motivation and engagement, and
in mathematics and science subjects.

c)ldentify the challenges and opportunities associated with implementing project-based
learning in the Rwandan secondary school context.

3.Research Questions
To achieve these objectives, the study is guided by the following research questions:

a)To what extent is project-based learning currently integrated into the teaching and learning
of mathematics and science in Rwandan secondary schools?

b)How does project-based learning influence students’ motivation, engagement, and  achieve-
ment in mathematics and science education?

c)What are the key challenges and enabling factors that affect the implementation of project-
based learning in Rwandan secondary schools?

4.Resear ch methodology

4.1. Resear ch approach and design

The research design adopted was a convergent parallel design, which allowed the researcher to col-
lect both quantitative and qualitative data concurrently, analyze them separately, and integrate the
results during interpretation. This design was particularly suitable because it facilitated comparison
and corroboration of the numerical trends with the rich of narrative perspectives of teachers and
students (Greer & Abel, 2022). The use of a mixed approach aligns with contemporary education
research standards that emphasize methodol ogical pluralism to address complex educational reforms
such as the adoption of project-based learning. This study employed a mixed-methods research ap-
proach, integrating both quantitative and qualitative paradigms to obtain comprehensive insights
into how Project-Based Learning (PBL) contributes to the modernization of mathematics and sci-
ence education in Rwandan secondary schools. The rationale for adopting this approach liesin its
ability to triangulate findings from multiple data sources, thereby enhancing the validity and depth
of the study (Creswell, 1999). In this sense, the quantitative component provided measurable evi-
dence on teachers’ and students’ perceptions, practices, and attitudes toward PBL, while the quali-
tative component offered contextualized explanations of how and why these patterns emerged.

4.2. Sample and Sampling technique

The target population comprised lower secondary school mathematics and science teachers and stu-
dents enrolled in general secondary schoolsin Rwanda. These schools were purposefully due to the
fact that their teachers were attended training on Project, Based Learning. In this context, teachers
were chosen as key informants because they are directly responsible for implementing the Compe-
tence-Based Curriculum (CBC) and PBL strategies in classrooms, while students were included to
provide firsthand insights into learning experiences and engagement in project-based activities. In
the light of the above, a sample of 120 teachers and 320 students was selected using a combination
of stratified random sampling and purposive sampling techniques. Stratified sampling was employed
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to ensure proportional representation of both mathematics and science (Chemistry, Biology, and
Physics) teachers from each school. Within each stratum, random selection ensured fairness and
minimized sampling bias. Students were selected purposively from classes where project-based ac-
tivities were being conducted under teacher guidance. This ensured that participants had relevant
exposure to PBL practices. The Table 1 shows the demographic information of participants.

Table 1. Demographic information of participants
Category Variables Frequency (n)

Teachers (n = 120)

Gender Mae 68
Female 52
Subject specialization Mathematics 33
Science (Physics, Chemistry, Biology) 87
Teaching experience 1-3years 32
4-5years 48
Above 5 years 40
Educational qualification Bachelor’s degree (Ao) 74
Diploma (A1) 46
School type Public 71
Government-aided 49

Students (n = 320)

Gender Mae 166
Female 154

Gradelevel Senior one 112
Senior two 96
Senior three 112

4.3. Method of data collection

Multiple data collection instruments were used to collect both quantitative and qualitative data in
alignment with the mixed-methods approach. A structured questionnaire was devel oped for teachers
to capture their perceptions, experiences, and practices concerning project-based learning. This
questionnaire comprised five sections: demographic information, knowledge of PBL principles, im-
plementation practices, perceived impact on students’ learning, and challenges faced in implemen-
tation. All items were measured on a five-point Likert scale ranging from strongly disagree (1) to
strongly agree (5). The questionnaire was subjected to expert review and pilot testing to ensure clar-
ity and content validity before the main data collection. In addition, a 21st-century skills question-
naire was administered to students to assess their competencies in collaboration, communication,
creativity, and critical thinking asinfluenced by PBL experiences. The instrument was adapted from
the (Sahin et a., 2019) Theitemswere organized into four categories: learning and innovation skills,
information and media literacy, life and career skills, and participation in project-based learning
tasks. Responses were recorded on afive-point Likert scale ranging from “never” to “always.” The
use of this instrument provided quantitative data on how project-based learning contributed to stu-
dents’ development of essential 2 1st-century skills. To enrich the quantitative data, semi-structured
interviews were conducted with 10 teachers and 20 students purposively selected from the partici-
pating schools. The interviews explored deeper insights into teachers’ experiences with project-
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based learning, challenges encountered, institutional support mechanisms, and perceived impact on
student performance and engagement. Interviews lasted between 30 and 45 minutes, were audio-
recorded with permission, and were supported by field notesto capture non-verbal cues and contex-
tual observations.

4.4, Method of data analysis

Quantitative data analysis was carried out using the Statistical Package for Social Sciences (SPSS)
version 26. Data cleaning and coding were performed prior to analysis to ensure accuracy and com-
pleteness. Descriptive statistics such as means, frequencies, and standard deviations were computed
to summarize teachers’ and students’ responses. To determine whether there were significant differ-
ences in teachers’ perceptions based on demographic characteristics such as teaching experience,
gender, and educational qualification, inferential statistics were applied. Specifically, a one-way
Analysis of Variance (ANOVA) was used to test for variations across experience levels and quali-
fications, while independent-sample t-tests examined gender-based differences. The significance
level was set at 0.05. Additionally, correlation analysis was conducted to examine the relationship
between the extent of PBL implementation and indicators of student engagement and performance.
These analyses helped to identify key predictors and factors influencing successful implementation
of project-based learning in mathematics and science classrooms.

The qualitative data were analyzed thematically using Braun and Clarke,(2021)six-phase frame-
work. Thisinvolved familiarization with the data through repeated reading of transcripts, generating
initial codes, searching for themes, reviewing and defining themes, and producing the report. An
inductive coding process was used, allowing themes to emerge naturally from participants’ narra-
tives. The analysis reveal ed three dominant themes: the promotion of |earner-centered practices, the
need for continuous professional development for teachers, and challenges associated with limited
teaching resources and time constraints. The themes provided nuanced understanding of how teach-
ers experienced the transition from traditional teaching to project-based learning approaches. The
integration of qualitative and quantitative findings during interpretation enabled a more comprehen-
sive understanding of the effectiveness and challenges of PBL in Rwandan secondary schools.

4.5. Validity and reliability of the resear ch instruments

Validity and reliability were key considerationsin this study. Content validity was ensured through
expert evaluation by three specialistsin science education and curriculum design from the University
of Rwanda College of Education (UR-CE). These experts reviewed the instruments to confirm their
alignment with research objectives and appropriateness of wording. Construct validity was further
enhanced through pilot testing with 20 teachers and 30 students from non-participating schools,
which helped refine the instruments by removing ambiguous items. For the student questionnaire,
factor analysis was conducted to confirm the dimensional structure corresponding to the 21st-cen-
tury skill categories. Triangulation of data sources and methods further strengthened the study’s
validity by confirming the consistency of findings across different participant groups and instru-
ments. Reliability was evaluated through Cronbach’s Alpha coefficient, which yielded 0.87 for the
teacher questionnaire and 0.84 for the student questionnaire, indicating high internal consistency. In
gualitative anaysis, reiability was ensured through member checking, whereby participants re-
viewed their transcribed interviews to confirm accuracy, and through peer debriefing sessions
among the research team to minimize subjective bias during coding and interpretation.
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5.Result interpretation

This section presents the findings of the study based on the objectives and research questions out-
lined earlier. Both quantitative and qualitative results are integrated to provide a comprehensive
understanding of how Project-Based Learning (PBL) modernizes mathematics and science educa-
tion in Rwandan secondary schools.

Quantitativeresults
5.1. Current practices on the Integration of Project-Based L earning in Teaching

Mathematics and Science

Table 2 presents the results on the current practices regarding the extent of integration of PBL in
their classrooms. Teachers reported a high degree of integration of Project-Based Learning (PBL)
into mathematics and science instruction (overall mean = 4.36, SD = 0.57). The strongest practice
was encouraging collaborative work on real-life problems (M = 4.51, SD = 0.49), followed by de-
signing projects aligned with CBC objectives (M = 4.42, SD = 0.57). Assessment based on project
outcomes (M = 4.34, SD = 0.61) and ICT integration in project work (M = 4.18, SD = 0.64) were
dlightly lower but still indicate substantial adoption. These results suggest widespread teacher en-
dorsement and implementation of PBL, with opportunities to strengthen ICT-supported project ac-
tivities.

Table 2. Current practices of theintegration of PBL in teaching Mathematics and Science

Statements Mean SD

| design projects that align with CBC objectives 442 0.57
| encourage students to work collaboratively on real-life problems 451 0.49
| assess students based on project outcomes and presentations 4.34 0.61
| integrate ICT tools in project work 4.18 0.64
Overdl 4.36 0.57

The results of the one-way ANOV A presented in the table 3 showed that only teaching experience
had a statistically significant effect on the integration of Project-Based Learning (PBL) in teaching
mathematics and science (F (2,117) = 4.21, p = 0.017). Specifically, teachers with more than five
years of experience demonstrated a higher level of PBL implementation (M = 4.52, SD = 0.47)
compared to those with 1-3 years of experience (M = 4.21, SD = 0.63). This indicates that experi-
enced teachers are more confident and skilled in designing and facilitating project-based activities.
In contrast, no significant differences were found based on gender, subject specialization, educa-
tional qualification, or school type (p > 0.05).

Table 3. Inferential analysis on teacher’s current practices with regard to gender, subject, teaching experi-
ence, qualification, and school type

Category Variable Mean SD F  p-value Significance
Gender Male 438 054 0.72 Not significant
0.397
Femae 4.33 0.60
Subject specialization Mathematics 4.29 0.58 1.16 0.284 Not significant
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Science (Phy, Chem, Bio) 4.39 0.55

Teaching experience 1-3years 461 0.63 4.21 0.017 Significant
4-5years 4.36 0.51
Above 5 years 452 0.47

Educational qualification  Bachelor’s (Ao) 438 053 0.83 0.364 Not significant
Diploma (A1) 4,32 0.60

School type Public 4.35 0.56 0.27 0.604 Not significant
Government-aided 4.38 0.57

5.2. Effectiveness of PBL on students’ Motivation and Engagement in mathematics and sci-
ence

The student questionnaire revealed that PBL significantly enhances motivation and engagement.
Theresultsin Figurel shows that students frequently engage in teaching and learning activities.

14
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11
11
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[ B%]
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W Stongly Disagree (%) MDisagree (%) MNeutmal (%) MAgree %) M Smongly Azves (%)

Figure 1. Students’ perception on influence of PBL on their motivation and engagement
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Theresultsin the Table 4 presentsinferential analysis of the influence of PBL with regard to gender.
The independent-sampl es t-test revealed no statistically significant gender differences in students’
perceptions of Project-Based Learning (PBL) effectiveness on either motivation (t(318) = 0.98, p =
0.329) or engagement (t(318) = 1.12, p = 0.263). Both male and femal e students reported high levels
of motivation and engagement (mean scores above 4.3 on a 5-point scale), indicating that PBL fos-
ters a uniformly positive learning experience across genders. The small effect sizes (Cohen’s d =
0.11 and 0.13) further confirm that the differences were negligible, suggesting that PBL equally
supports both male and female learners in developing interest, participation, and commitment in
mathematics and science learning.

Table 4. Inferential analysis on students’ perception of PBL with regard to gender

Variable Gender Mean SD t(df) p-value Cohen’s d

Motivation Male 4.43 0.51 0.98 (318) 0.329 0.11
Female 4.38 0.53

Engagement Male 441 0.55 1.12 (318) 0.263 0.13
Female 4.35 0.57

5.3. Challenges affecting PBL implementation in teaching and lear ning mathematics and sci-

ence

Thematic analysis of interviewsidentified three main challenges affecting effective PBL implemen-
tation: limited instructional materias, insufficient time for projects, and inadequate teacher training.
Teachers expressed that large class sizes and rigid examination systems constrain their ability to
integrate projects fully into the curriculum. Conversely, the study revealed enabling factors such as
strong administrative support, collaborative culture among teachers, and student enthusiasm for
practical learning experiences.

Thefigure 3 summarizes the frequency of major themesthat emerged from qualitative data analysis.

) Student enthusiasm
Limited materials

25.0%

Administrative support
20.0%

lme constraints

Teacher training

Figure 2. Challenges faced by teachers and students while implementing PBL approach

The qualitative results reveled both challenges and opportunities associated with the implementation
of PBL approach in three main themes.
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Theme one: Infrastructure and resource limitations A mgor chalenge to the successful imple-
mentation of Project-Based Learning (PBL) in Rwandan secondary schoolsisthe lack of infrastruc-
ture and resources. Schools, especially inrural areas, often lack the necessary educational tools such
as computers, reliable internet access, and lab equipment needed to execute complex, research-ori-
ented projects. This gap in resources directly limits the effectiveness of PBL, which relies heavily
on technology and materials for student

collaboration and exploration.

"Without proper resources like computers or the internet, it is hard for students to explore the full
potential of project-based learning. We try to make do, but it feels like we're always working with
one hand tied behind our backs." Student also added” "Sometimes we have to use old textbooks for
research, and it's frustrating when we can't find the information we need. If we had better access to
technology, we could do so much more in our projects. "While some schools are making efforts to
overcome this challenge, the disparity in resource availability across regions highlights a significant
barrier to consistent implementation of PBL.

Theme two: Teacher preparedness and pedagogical skills Another challenge that impedes the
success of PBL isthe lack of teacher preparedness and training. Many teachers in Rwanda are ac-
customed to traditional, teacher-centered methods of instruction, such as lecturing and rote memo-
rization. The shift to a more student-centered approach, which is core to PBL, requires teachers to
not only redesign their lesson plans but also to adopt new pedagogical strategies for guiding and
assessing project work. One teacher said, "I am used to lecturing and giving exams. It’s hard to let
go of the traditional teaching methods and trust students to drive their own learning. | need more
training to understand how to facilitate PBL properly.” A students also commented that"We are
always told what to do in class, but with PBL, | want to learn how to lead my project. | wish our
teachers were more involved in guiding us through the process." The lack of professional develop-
ment opportunities for teachersin PBL strategies limitstheir ability to facilitate meaningful project-
based experiencesfor students. Thereisaclear need for targeted training programs to equip teachers
with the skills needed to support the transition from traditional to project-based teaching.

Theme three: Time constraints and curriculum pressures The pressure to cover a dense curricu-
lum and prepare students for national exams creates time constraints that hinder the full integration
of PBL. Given the traditional focus on exam preparation, teachers often struggle to find sufficient
time to plan and execute extended projects, which require a more flexible and long-term approach
to learning. Teacher reported "The curriculum is so packed that it’s hard to find time for projects.
Even when I want to implement PBL, I feel pressured to finish the syllabus before the exams. It’s a
constant balancing act." The student added "We don’t have enough time for everything. It’s like
we’re always rushing through lessons and then suddenly we’re expected to do projects. It’s hard to
manage both." This mismatch between the time required for PBL and the demands of the national
curriculum creates a significant tension. Teachers feel the weight of preparing students for exams,
which often takes precedence over more dynamic learning experiences like project-based learning.

5.4. Opportunitiesregarding to the implementation of PBL approach in teaching mathemat-
ics and sciences

Theme one: Development of 21st-Century Skills One of the most compelling opportunities offered
by PBL isitsability to foster 21st-century skills, including critical thinking, collaboration, creativity,
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and problem-solving. These skillsareincreasingly essential in the modern global economy, and PBL
offers a practical, hands-on approach to developing them. Students actively engage in real-world
projects that require them to solve problems, work with others, and think critically skills that are
crucial for future success. One teacher said "With PBL, | see my students learning how to think
critically, solve real-world problems, and collaborate with others. These are the skills they need to
succeed in the future, and | am excited to help them devel op these skills." The student also comple-
ments this statement of teacher by saying that "I love working on projects because they make me
think differently. Instead of just memorizing facts, | get to figure out how to solve actual problems,
and that feels more useful.” The opportunity to learn in an active, hands-on way helps students pre-
pare for the challenges of the 21st century, equipping them with the skills that will be vital for their
future careers and personal development.

Theme two: I ncreased student engagement and ownership

PBL increases student engagement by giving learners more autonomy over their education. Instead
of being passive recipients of knowledge, students are encouraged to take ownership of their learning
through active participation in projects that interest them. This leads to increased motivation and a
deeper understanding of the material. A mathematics teacher noted. "I’ve noticed that students who
struggle in traditional classes thrive in PBL settings. They become more involved and take pridein
their work. It’s amazing to see how they evolve when given the freedom to explore topics that in-
terest them." Her student said that "When we work on projects, | feel like | have asay in my educa-
tion. I get to explore my interests, and that makes me care more about what I’m learning." This shift
towards active learning helps students develop a sense of responsibility for their education, which
not only increases engagement but also fosters a deeper commitment to learning.

Theme three: Collaboration and community involvement

PBL also provides an opportunity to engage with thelocal community. By collaborating on projects
that address real-world issues, students can work with local organizations, businesses, and govern-
ment bodies. This interaction fosters a sense of social responsibility and allows students to apply
their learning in meaningful ways. One teachers said that “One of the most rewarding aspects of
PBL is seeing students work with local businesses or community leaders. It’s a win-win situation:
students gain practical experience, and the community benefits from their ideas." A chemistry stu-
dent also said that "l really enjoyed working on a project with alocal organization. We researched
environmental issuesin our area, and then we presented solutions to the community. It felt amazing
to make a real impact. “Through these collaborations, students gain insights into local issues, de-
velop solutions that directly benefit the community, and build a sense of connectedness to the world
beyond the classroom.

6.Discussion

This study provides compelling evidence that Project-Based Learning (PBL) constitutes a powerful
strategy for transforming mathematics and science education in Rwandan secondary schools. The
findings show that teachers increasingly apply project-based approaches that prioritize collabora-
tion, inquiry, and authentic problem-solving core principles of |earner-centered pedagogy. This mir-
rors international studies in which PBL has improved student engagement, conceptual understand-
ing, and higher-order thinking (Hall & Miro, 2016; Moallem, 2019). Similar to results reported by
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Billah et a. (2019), the present study confirms that PBL nurtures student motivation and autonomy
by linking abstract theory to real-world contexts.

The study also found that experienced teachers are more adept at implementing PBL effectively,
echoing findings from Aidoo (2023) that emphasize the influence of pedagogical experience on in-
quiry facilitation. This suggests that sustained professional development remains central to success-
ful reform. Rwanda’s current Competence-Based Curriculum (CBC) promotes active learning, yet
as Markula and Aksela (2022) observed, many teachers still rely on traditional approaches due to
limited resources. The present study reinforces this challenge, revealing that inadequate materials,
heavy workloads, and exam pressure continue to constrain classroom innovation.

Notably, the study’s qualitative data align with Vygotsky’s (1978) social constructivist theory,
showing that students learn effectively through collaboration and peer interaction. When students
design projects to solve community problems, they move from rote learning toward applied under-
standing a trend also identified in (Chang et a. ,2022). This outcome directly supports the goal of
Rwanda’s Vision 2050 to produce creative and entrepreneurial citizens capable of applying STEM
knowledge to national development. The absence of significant gender disparities in engagement
and achievement parallels prior evidence from Wang (2021) who argue that inclusive pedagogies
like PBL democratize participation. The finding that both male and female students benefited
equally underscores PBL’s potential to promote equity in STEM learning an outcome long sought
in African education reforms (UNESCO, 2022). Furthermore, the consistency of resultswith studies
from other contexts (Lee & Lee, 2025; Herlinawati et al., 2024) suggests that

PBL’s benefits are globally replicable when local contextual factors such as teacher support and
curriculum alignment are adequately addressed.

Neverthel ess, implementation barriers persist. Teachers cited inadequate training, limited ICT tools,
and insufficient time as major obstacles issues that mirror those documented in Age (2025) and
Chistyakov et a. (2023). These challengesindicate that PBL adoption requires not only pedagogical
reform but also systemic transformation. Continuous professional development programs should
emphasize design thinking, assessment literacy, and reflective practice to help teachers manage pro-
ject complexity effectively. Ultimately, this study reinforces that PBL is more than a pedagogical
choice; it isacatalyst for educational modernization. By connecting classroom learning to real-life
applications, it embodies Dewey’s (1938) vision of experiential education. When scaled and sup-
ported through coherent policy and resources, PBL can serve as a cornerstone for Rwanda’s transi-
tion to a knowledge-based economy and a model for other nations seeking to reform STEM educa-
tion in resource-limited settings.

7. Implicationsfor policy, practice, and research

The implications of these findings are far-reaching for different educationa stakeholders. Firstly,
for policymakers, the study highlights the necessity of institutionalizing PBL as a standard pedagog-
ical approach within the CBC framework. This requires adequate resourcing especialy provision of
laboratory equipment, ICT infrastructure, and project materials. Moreover, assessment systems
should be reformed to value inquiry processes and project outcomes alongside traditional examina-
tions. Such alignment between pedagogy and assessment is critical to sustaining innovation in teach-
ing and learning. Secondly, For teacher education institutions, the results advocate embedding PBL
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principles within pre-service and in-service training programs. Teacher preparation curricula should
emphasize project design, interdisciplinary integration, and authentic assessment practices. Estab-
lishing Community of Practices (CoP) or Professional Learning Communities (PLCs) in schools can
facilitate peer mentoring, reflective dialogue, and collaborative curriculum planning practices
proven to enhance teaching efficacy and reform sustainability. Thirdly, for school |eaders, fostering
a supportive school culture that encourages experimentation, collaboration, and innovation is cru-
cial. Administrators should provide time and incentives for teachers to engage in joint planning and
resource sharing. Partnerships with universities and local industries could further strengthen project
relevance and bridge school-community gaps. Lastly, for researchers, this study opens several ave-
nues for future inquiry.

Longitudinal studies are needed to examine the sustained impact of PBL on academic achievement,
creativity, and lifelong learning. Further, mixed-methods studies that integrate classroom observa-
tions, performance analytics, and student portfolios could offer richer insightsinto how PBL fosters
complex skill development. Comparative studies across regions or subject areas could also illumi-
nate contextual factors influencing success.

8.Limitations and futuredirections

While this study provides evidence, certain limitations must be acknowledged. The reliance on self-
reported data introduces potential social desirability bias, asteachers may overstate their implemen-
tation levels. Additionally, the cross-sectional design limits causal inference about long-term im-
pacts of PBL on student outcomes. Future research employing experimental or longitudinal designs
could more accurately capture these dynamics.

1.Conclusion and recommendations

This study concludes that Project-Based Learning significantly contributes to modernizing mathe-
matics and science education in Rwanda by fostering learner engagement, collaboration, and real -
world application of knowledge. It strengthens the alignment between classroom practice and the
Competence-Based Curriculum’s emphasis on critical thinking, creativity, and problem-solving.
PBL not only enhances students’ cognitive understanding but also cultivates transferable 21st-cen-
tury skills essential for Rwanda’s socio-economic transformation. However, the approach’s sustain-
ability is hindered by resource limitations, insufficient teacher preparation, and rigid assessment
systems. It is therefore recommended that the Ministry of Education and the Rwanda Basic Educa-
tion Board institutionalize continuous professional development focusing on PBL design, facilita-
tion, and assessment. Schools should establish professional learning communities to promote peer
mentoring and reflective practice. Policymakers must invest in ICT tools, laboratory facilities, and
flexible curricula that allocate sufficient time for projects. Finally, future research should employ
longitudinal and experimental designs to examine PBL’s long-term effects on student achievement,
creativity, and entrepreneuria skills. With coherent support at al levels, PBL can transform Rwan-
dan classrooms into innovati on-driven spaces that prepare learners to meet the challenges of the 21%
century.
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Formative First: Rebalancing African Education Assessment Systems
Toward Continuous Competence M easur ement
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ABSTRACT

African education systems continue to rely heavily on high-stakes summative examinations de-
spite global reforms advocating formative, continuous assessment to enhance competence de-
velopment. This study explores assessment practices across ten Science Technology Engineer-
ing & Mathematics (STEM) secondary schools in Zambia to understand the extent to which
formative assessment isimplemented and the systemic barriersthat hinder its adoption. Using a
mixed-methods design, data were collected through surveys, interviews, and classroom obser-
vations. Findings reveal a significant imbalance between formative and summative assessment
practices, with summative approaches dominating instructional processes. Teachers demonstrate
strong familiarity with summative exams but limited capacity to design formative tasks and pro-
vide constructive feedback. Classroom observations further show minimal use of continuous
assessment strategies, creating a gap between policy aspirations and classroom redities. The
discussion argues that this imbalance undermines competence-based curriculum reforms, par-
ticularly in STEM learning environments that require iterative feedback. The study concludes
that rebalancing assessment systemstoward formative approachesis essential for aligning class-
room practice with competence-based outcomes. Recommendations include strengthening na-
tional formative assessment policies, investing in teacher professional development, and intro-
ducing digital tools to support feedback tracking.

K eywor ds: formative assessment, summative assessment, competence-based curriculum, con-
tinuous assessment, Zambia, STEM education.

I ntroduction

Assessment remains one of the most influential elements shaping teaching and learning processes
in African education systems. Globally, there has been agrowing shift towards formative assessment
as a mechanism for improving learning outcomes and ensuring that |earners acquire competencies
rather than memorised knowledge (UNESCO, 2022). Formative assessment is central to compe-
tence-based education reforms embraced by many African countries, including Zambia. Despitethis
policy direction, education systems across the continent continue to be dominated by high-stakes
summative examinations, which determine learner progression, certification, and placement. The
heavy emphasis on summative assessment narrows the curriculum and limits opportunities for deep
learning and creativity.

Continental initiatives such as the Continental Assessment Framework for Africa (CAF-Africa) aim
to harmonise learning measurements and strengthen national assessment systems (African Union,
2024). Regional assessments, including Programmefor the Anaysis of Education Systems (PASEC)
and Southern and Eastern Africa Consortium for Monitoring Educational Quality (SEACMEQ),
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similarly provide valuable insights into literacy and numeracy outcomes. However, these largescale
assessments remain summative and do not directly influence daily feedback mechanisms that occur
in classrooms. This gap highlights the need to rebalance assessment approaches and prioritise con-
tinuous formative feedback that supports learning.

Within Zambia, the Ministry of Education (2023) underscores continuous assessment as a core ele-
ment of the competence-based curriculum. Y et implementation remains weak dueto limited teacher
capacity, inadequate training, and absence of clear assessment guidelines. Teachers often struggle
to design performance-based tasks, apply rubrics, and document learner progress effectively. Con-
sequently, formative assessment practices are inconsistently applied,

overshadowed by the pressures of preparing learners for national examinations.

This study explores current formative and summative assessment practices across STEM secondary
schools in Zambia. It identifies challenges teachers encounter in implementing continuous assess-
ment and proposes strategies for strengthening formative assessment within competence-based
frameworks. Through a mixed-methods analysis, the study offers evidence-based recommendations
for policymakers, teacher training institutions, and school leaders.

Literature Review

Global education literature emphasi ses the indispensable role of formative assessment in enhancing
learner achievement. Black and Wiliam (1998) demonstrated that formative assessment significantly
improves learning outcomes when teachers provide timely, meaningful feedback and involve learn-
ersin self-evauation. Their work arguesthat formative assessment is most effective when integrated
consistently into instruction rather than applied occasionally.

In Africa, assessment practices remain predominantly summative despite curriculum reforms.
UNESCO (2022) notes that although many African countries have adopted competence-based cur-
ricula, classroom assessment practices lag behind due to weak teacher preparation and limited re-
sources. CAF-Africaand CESA 2024 call for balanced assessment approaches that support compe-
tency development (African Union, 2024). However, implementation studies revea persistent gaps
between policy and practice. Kanjee and Sayed (2019) observe that teachers often view assessment
primarily as grading rather than a process for improving learning.

In Zambia, similar trends emerge. The Ministry of Education (2023) mandates continuous assess-
ment, but research shows inconsistencies in implementation. Studies by Mwanza (2021) and
Chishimba (2020) point to inadequate teacher training, unclear guidelines, and limited monitoring
mechanisms as major barriers. These challenges hinder the devel opment of practical skills and au-
thentic learning experiences essential for STEM education. The literature therefore indicates that
rebalancing assessment systems requires investment in teacher capacity, digital tools, reduced exam
pressure, and assessment cultures that value learning rather than certification.

M ethodol ogy

This study employed a mixed-methods research design combining quantitative and qualitative ap-
proaches to obtain a comprehensive understanding of assessment practices in STEM secondary
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schools across Zambia. The mixed-methods design was selected to triangulate findings and
strengthen the validity of the results, as recommended by Creswell (2014).

The study sample consisted of ten STEM-focused public secondary schools purposively selected
based on their involvement in competence-based curriculum implementation. Quantitative datawere
collected through structured teacher surveys that examined assessment frequency, types of assess-
ment used, teacher confidence, and training history. A total of 120 teachers participated in the sur-
vey.

Qualitative data were gathered through semi-structured interviews with 20 teachers and 10 school
administrators to gain deeper insights into their experiences and challenges with formative assess-
ment. Classroom observations were conducted to document actual assessment practices and com-
pare them to self-reported data. Observation checklists captured the presence of peer assessment,
self-assessment, feedback practices and use of rubrics.

Data analysis involved descriptive statistics for quantitative responses, while qualitative data were
analysed using thematic coding. The triangulation of multiple data sources enhanced the reliability
and depth of the findings. Ethical considerations, including informed consent, confidentiality, and
voluntary participation, were strictly observed throughout the study.

Major Findings and Discussion

The findings of this study clearly highlight deep structural and pedagogical imbalances between
formative and summative assessment practices in the sampled STEM schools. The dominance of
summative assessment—accounting for nearly 80% of all classroom evaluation activities—indicates
that teaching and learning remain largely exam-driven. Summative instruments such as tests, quiz-
zes, and end-of-term examinations continue to shape instructional priorities, teacher planning, and
learner engagement. This pattern is consistent with regional trends in African education systems,
where national examinations heavily influence curriculum interpretation and classroom decision-
making (UNESCO, 2022). The heavy reliance on summative assessments reinforces a culture of
high-stakes testing that often narrows learning to recall-based competencies rather than broader
problem-solving abilities.

In contrast, formative assessment practices were used sparingly and constituted approximately 20%
of total assessment activities. Moreover, the formative practices observed—mainly oral questioning,
informal feedback, and homework checks—fall short of structured formative assessment approaches
advocated in competence-based education models. Effective formative assessment involves delib-
erate processes such as peer assessment, self-assessment, descriptive feedback cycles, learning pro-
gressions, and performance-based tasks—all of which were either minimally applied or absent in
observed classrooms. The absence of such practices suggests limited teacher capacity to translate
formative assessment policy into meaningful pedagogical action. This gap mirrors UNESCO’s
(2022) assertion that African teachers require strengthened assessment literacy to engage effectively
with contemporary approaches that priorities learning rather than the measurement of learning out-
COMmes.

Teacher interviews reinforced this conclusion by revealing significant confidence gapsin designing
and implementing formative assessment tasks. Many teachers acknowledged that while they were
comfortable constructing tests and quizzes, they had not received adequate training in formative
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strategies aligned with competence-based learning. They identified several barriers, including lim-
ited professional development opportunities, insufficient time for planning formative activities, and
the absence of clear, user-friendly guidelines on implementing continuous assessment. These barri-
ers reflect broader systemic challenges documented in African contexts, where shifts toward com-
petence-based curriculum reforms have not been matched with comprehensive teacher support struc-
tures (African Union, 2024). The lack of ongoing professional development undermines teachers’
ability to integrate assessment seamlessly into instruction.

Classroom observations further revealed that instructional practices were strongly oriented toward
preparing learners for high-stakes examinations. L essons were predominantly teacher-centred, with
limited opportunities for learner autonomy, inquiry, or reflective engagement. Such environments
constrain the application of formative assessment strategies that require active learner participation,
such as peer evaluation and self-reflection. This contradicts the intentions of Zambia’s Competence-
Based Curriculum (Ministry of Education, 2023), which emphasi ses practical application, creativity,
collaboration, and continuous monitoring of learner progress. The current assessment imbalance
therefore restricts learners’ ability to acquire critical 21st-century skills, particularly in STEM sub-
jects that require experimentation, reasoning, and iterative feedback. Another critical finding con-
cerns the substantial gap between policy intentions and classroom reality. Although Zambia’s na-
tional education policies mandate continuous assessment as part of the teaching and learning pro-
cess, teachers lacked functional frameworks and digital tools for documenting learner progress.
Many schools still rely on manual record-keeping, which teachers described as time-consuming and
impractical for large classes. Without technological support—such as digital assessment platforms,
automated feedback tools, or electronic learner profiles—teachers are unable to systematically track
and respond to individual learning needs. This observation aligns with African Union (2024) reports
which argue that policy reforms fail when implementation does not include resourcing, monitoring,
and sustained teacher empowerment. The implications of these findings are significant for learner
outcomes. When formative assessment is poorly implemented, learners receive limited feedback on
their progress, reducing their ability to understand strengths, address learning gaps, and develop
metacognitive skills. The imbalance also perpetuates inequities, as summeative assessments often
disadvantage learners who require additional support during the learning process. In STEM subjects,
where conceptual understanding must be built progressively, the absence of continuous formative
feedback limits learner progression and contributes to persistent performance challenges. A shift
from assessment of learning to assessment for learning is therefore essential to support holistic
growth and sustained academic achievement.

Overall, the study underscores the need for systemic interventions that priorities formative assess-
ment as a central component of teaching and learning. Strengthening formative assessment is not
merely a pedagogical adjustment but a structural reform that requires coordinated action across
teacher training institutions, ministries of education, and school |eadership. Effective implementa-
tion must include curriculum-aligned guidelines, ongoing professional development, technological
investments, and monitoring frameworks that reinforce continuous assessment. Without these sup-
ports, the goals of competence-based education and improved STEM performance will remain un-
attainable.
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Conclusion

The study set out to explore how assessment practicesin STEM classrooms align with the aspirations
of competence-based education reforms in Zambia and across Africa. The findings demonstrate a
clear and persistent imbalance between formative and summative assessment practices, with the
latter overwhelmingly dominating classroom eval uation. While summative assessments remain es-
sential for measuring overall achievement, their disproportionate use—constituting approximately
80% of all assessment activities—has created an exam-driven learning culture that restricts oppor-
tunities for deeper understanding, creativity, and critical thinking. This misalignment undermines
the core objectives of competence-based curricula, which priorities continuous skill development,
application of knowledge, and learner autonomy.

The limited use of formative assessment, often implemented in informal and inconsistent ways,
highlights significant gapsin teacher assessment literacy, professional support structures, and policy
implementation capacity. Teachers’ lack of confidence, inadequate training opportunities, and the
absence of practical tools for documenting learner progress further weaken efforts to embed contin-
uous assessment into daily classroom practice. Asaresult, formative assessment—an essential com-
ponent of effective teaching and learning—remains periphera rather than integral to instructional
processes.

The study concludes that meaningful transformation of assessment systems requires a holistic and
systemic approach. Strengthening formative assessment cannot be achieved through policy direc-
tives alone; it demands deliberate investments in teacher professional development, provision of
user-friendly assessment tools, devel opment of clear guidelines, and supportive leadership at school
and national levels. By rebalancing assessment practices towards continuous, learner-centred, and
competence-oriented methods, education systems can better support holistic learner growth and im-
prove performance in STEM subjects. Ultimately, transitioning from assessment of learning to as-
sessment for learning is not only desirable but essential for advancing the goals of equitable and
high-quality education across Africa.

Recommendations
Based on the findings, the study recommends the following:

1.Strengthen National Policies and Guidelines on Formative Assessment

Clear, practical, and standardised national guidelines are needed to translate competence-based cur-
riculum expectations into everyday classroom practice. These guidelines should include exemplar
tasks, assessment rubrics linked to learner competencies, and structured procedures for feedback,
documentation, and reporting. Strengthened policy clarity will reduce inconsistencies and help
teachers understand how formative assessment should function within STEM learning contexts.

2. Enhance Teacher Professional Development and Assessment Literacy

Given the capacity gaps identified, continuous professiona development (CPD) is essential. Train-
ing should focus on practical, classroom-embedded formative strategies such as peer assessment,
self-assessment, feedback cycles, and performance-based tasks. The Ministry of Education and
teacher training institutions should integrate comprehensive assessment literacy within both pre-
service and in-service programmes to build sustained competence among teachers.
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3. Provide Digital Tools and Resources for Continuous Assessment

The limited capacity to document learner progress highlights the need for accessible digital assess-
ment tools. Introducing simple, user-friendly platformsfor recording formative evidence, generating
feedback, and tracking competencies will reduce the administrative burden on teachers. Implemen-
tation should be accompanied by digital literacy support and infrastructure investment, especially in
resource-constrained schools.

4. Promote Classroom-Level Integration of Formative Assessment

Schools should embed formative assessment within daily instructional routines rather than treating
it as an add-on. Departmental meetings should be used for collaborative planning of formative tasks,
sharing best practices, and aligning assessments with curriculum competencies. L eadership support
iscrucia in fostering a classroom culture where continuous feedback, |earner participation, and re-
flection are prioritized.

5.Strengthen Supervision, Monitoring, and Support Systems

District and school leaders must adopt supportive monitoring approaches that focus on improving
formative assessment quality rather than merely compliance. Classroom observations, mentoring,
and feedback from supervisors can guide teachers toward effective integration of formative strate-
gies. Monitoring systems should capture both formative processes and learner progress to ensure
alignment with competence-based education objectives
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ABSTRACT
This paper expl

ores strategies for empowering women and girls to participate and lead in STEM fields as a critical
component of Africa’s sustainable development. The theme is Reimagining STEM for a Pan-African
Future: Bridging Education, Innovation, and Sustainable Devel opment Towards Agenda 2063. De-
spite numerous efforts, gender gaps persist in STEM education and careers. The Sub-theme is Gen-
der Equity in STEM: Empowering Women and Girls as Leaders of Africa’s Sustainable Future. The
objective is to address systematic barriers to women's participation in STEM by anayzing the ef-
fectiveness of policy reforms, mentorship programs, and inclusive pedagogies. The paper reviews
gender-responsive policy reforms across Africa, mentorship initiatives such as those led by African
Women in Science and Engineering (AWSE), and the integration of inclusive teaching practices
championed by institutions like CEMASTEA. Employing aqualitative comparative research design,
datais collected through document analysis, including reports from CEMASTEA, UNESCO, and
various African ministries of education. Analytical techniques are thematic analysis for qualitative
data and basic descriptive statistics for quantitative trends. Datafrom ten African countries, mentor-
ship programs, and inclusive classroom practices are presented through charts and tablesto visualize
participation trends, implementation outcomes, and access disparities. Thefindingsreveal that while
notable strides have been made, challenges in implementation, access, and sustainability remain.
The paper concludes with targeted recommendations to strengthen policy enforcement, expand men-
torship access, and enhance gender-sensitive pedagogy. Overall, this paper underscoresthe necessity
of systemic transformation to achieve gender equity and empower women as leaders in Africa’s
STEM future.

CHAPTER 1: INTRODUCTION

1.0 Introduction

Women and girls remain underrepresented in Science, Technology, Engineering, and Mathematics
(STEM) in Africa. This disparity hampers the continent’s ability to fully benefit from diverse per-
spectives and innovative capacities. Empowering women in STEM is essentia for sustainable de-
velopment, as outlined in Agenda 2063.

1.1 Research Objective

To address systematic barriers to women’s participation in STEM by exploring policy interventions,
mentorship programs, and inclusive pedagogica approaches.
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1.2 Resear ch Question

How can systematic barriers to women’s participation in STEM be addressed to foster gender equity
and leadership?

1.3 Operational Definition of Terms

CEMASTEA

: Centre for Mathematics, Science and Technology Education in Africa COM STEDA: Conference
on Mathematics, Science and Technology Education in Africa STEM: Science, Technology, Engi-
neering, and Mathematics

CHAPTER 2: LITERATURE REVIEW

2.0: Introduction

The global landscape reveals significant gender disparities in STEM. According to UNESCO
(2019), women account for only 28% of the global STEM workforce. In developed countries, sys-
temic efforts such as scholarships, affirmative policies, and outreach campaigns have led to slow but
steady increases in female participation.

In Africa, the disparities are more pronounced due to compounded barriers such as poverty, cultural
norms, limited access to quality education, and lack of mentorship.

However, initiatives such asthe African Union's CESA 16-25 and Agenda 2063, and national strat-
egiesin Kenya, Rwanda, and South Africa have started shifting the landscape.

2.1: Agenda 2063

Agenda 2063 is the African Union’s blueprint for transforming the continent into a global power-
house. Aspiration 6 of the agenda emphasizes inclusive growth and devel opment, including gender
equality. This vision includes the empowerment of women and girls through access to quality edu-
cation, particularly in science and technology fields. STEM education is seen as vital for industrial-
ization, innovation, and sustainable development, making women's participation a critical compo-
nent.

2.2: Policy Reforms

Policy frameworks across Africa are evolving to include gender equality clauses in STEM educa
tion. Nations like Kenya and Rwanda have implemented gender-responsive education policies. The
African Union’s Continental Education Strategy for Africa (CESA 16-25) supports this shift (AU,
2020).

2.3: Mentorship Programs

Mentorship has proven to be a key driver for women’s success in STEM. Organizations like African
Women in Science and Engineering (AWSE) provide role models and support networks. Such pro-
grams enhance retention and build confidence (Mbote, 2021).
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Figure 1: Impact of Mentorship Programson Female STEM Career Uptake

Sour ce: Author's data presentation (2025)

2.4: Inclusive Pedagogies to Achieve Agenda 2063’s Equity Aspirations
Inclusive pedagogical strategies, such as gender-sensitive teaching, participatory learning,
and the use of ICT, can foster supportive environments for girlsin STEM. Teacherstrained through

CEMASTEA demonstrate improved delivery and gender inclusiveness (Njoroge, 2022).

Figure 2: Classroom Participation After Inclusive Pedagogies

Sour ce: Author's data presentation (2025)
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CHAPTER 3: METHODOLOGY

This study employed a qualitative research design complemented by descriptive statistics. Datawas
collected through document analysis, including reports from CEMASTEA, UNESCO, and various
African ministries of education. Additionally, semi-structured interviews were conducted with ten
educators and policy officers from Kenya, Rwanda, and Maawi. Analytical techniques included
thematic analysis for qualitative data and basic descriptive statistics for quantitative trends. Data
visualizations such as bar charts and pie charts were used to highlight findings on mentorship pro-
gram outcomes and inclusive pedagogical impacts.

CHAPTER 4: DATA PRESENTATION, ANALYSISAND DISCUSSION

4.1 Policy Reforms
Table 1: Policy Reforms

Country Gender-Inclusive STEM | Increasein Female STEM Enrollment
Policy (%)

Kenya Yes 35%

Rwanda Yes 42%

Uganda Partial 18%

Nigeria No 10%

South Yes 38%

Africa

4.2 Mentorship Programs

A bar chart showstheimpact of five mentorship programsin Kenyaon female STEM career uptake.
Participants were three times more likely to pursue STEM careers. Challenges include scalability
and accessin rura areas.

4.3 Inclusive Pedagogies

A pie chart representing classroom participation by gender after introducing inclusive pedagogies
shows a shift from 40% girls and 60% boys to 60% girls and 40% boys. Teacher feedback supports
improved engagement and learner confidence.

4.4: Discussion

While policy reforms set the foundation, mentorship, and pedagogy directly affect learner experi-
ence. A multi-pronged approach ensures systemic transformation. Effective collaboration between
government, schools, and NGOs is essential.
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CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

5.0: Conclusion

Empowering women and girls in STEM requires removing systemic barriers through targeted pol-
icy, mentorship, and inclusive pedagogy. Such efforts must align with broader devel opmental goals
under Agenda 2063.

5.1: Recommendations
1. Strengthen implementation and monitoring of gender-inclusive STEM policies.
2. Expand access to mentorship programs, especially in rural communities.

3. Train educators on inclusive pedagogies and integrate gender responsiveness into teacher
training curricula

4, Foster public-private partnerships to support women-led STEM initiatives.

Empowering Women and Girls’ Participation in Science, Technology, Engineering, and
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ABSTRACT

This study explored how home-linked chores can serve as meaningful contexts for competence
development in early learning classrooms. The purpose was to examine how young children
demonstrate and extend their abilities when engaged in familiar, rea-life tasks such as washing,
sweeping, arranging, and simple cooking. A qualitative case study design was employed within
an action-research framework. The target group comprised early childhood learners aged 4-6
years in a pre-primary classroom, with both boys and girls participating in structured practical
activities. Parents were indirectly involved as contributors of materials and as post-activity in-
formants, offering insights on their children’s engagement. Data were collected through class-
room observations, learner interviews, and informal parent discussions. Findings reveaed that
children exhibited higher levels of independence, initiative, and collaboration than initially ex-
pected. Through observation, imitation, and peer learning, learners developed both fine-mator
and social competences. Parents reported a positive shift in perception, acknowledging that their
children were more capable and responsible than previously assumed. The study concludes that
connecting classroom learning to home experiences through chores enhances confidence, crea-
tivity, and responsibility in early learners. It recommends that teachers intentionally integrate
everyday home tasks into early learning environments to strengthen competence-based educa-
tion.

K eywor ds: competence-based learning; early childhood education; experiential learning;
home-linked chores; learner independence

1. Background

Competence-Based Education (CBE) in Zambia emphasizes the development of learners’ practical,
cognitive, and social abilities through active engagement in real-world contexts. In early childhood
education, young learners are naturally curious, observant, and eager to imitate adults, making ex-
perientia learning a powerful avenue for competence growth. However, many classroom activities
remain limited to symbolic play or teacher-led tasks, overlooking opportunities for integrating au-
thentic home experiences into structured learning. Home-linked chores such as sweeping, washing,
cooking, or organizing offer culturally relevant, low-cost, and developmentally appropriate experi-
ences that foster autonomy and responsibility. In many Zambian homes, children are often shielded
from such tasks under the perception that they are too young or that chores are burdensome. This
study therefore sought to explore how introducing familiar home activities within the classroom can
uncover children’s hidden abilities and support competence development under the 2023 revised
curriculum’s emphasis on life skills and learner agency.
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2. Purpose of the Study

The purpose of this study was to examine how participation in home-linked chores supports compe-
tence development among early learners. It aimed to explore the waysin which children demonstrate
independence, creativity, and collaboration through familiar tasks adapted for classroom contexts.

3. Objectives

1.To identify the types of competences that emerge when children engage in home-linked
choresin a classroom environment.

2.To document learner behaviors, attitudes, and collaboration patterns during chores and
cooking activities.

3.To capture parents’ reflections on their children’s capabilities following classroom
engagement in home-linked chores.

3. Literature Review

3.1 Competence-Based Learning in Early Childhood

Competence-Based Education views |earning as the acquisition of integrated knowledge, skills, val-
ues, and attitudes applied in real-life contexts (Tessmer & Jonassen, 1992). In early years, compe-
tences include problem-solving, collaboration, communication, and self-management (European
Commission, 2019). Studies in Sub-Saharan Africaindicate that contextual, activity-based learning
enhances retention and motivation (Munyekaet al., 2021).

3.2 Experiential and Socio-Constructivist Perspectives

Kolb’s (1984) experiential learning cycle concrete experience, reflective observation, abstract con-
ceptualization, and active experimentation explains how children learn through doing. Vygotsky
(1978) adds a social dimension, emphasizing that |earning occurs within the Zone of Proximal De-
velopment through guidance and peer interaction. When learners collaborate on chores or cooking,
they internalize new skills within supportive socia frameworks.

3.3Home-Linked Tasksand Life Skills
Masuzyo Sibande and Chipo Namakau Sakala

Scholars such as Rogoff (2003) and Nsamenang (2012) show that participation in household routines
builds early autonomy and cultural competence in African contexts. Integrating such activities into
classrooms aligns with UNESCO’s (2022) Life Skills Framework and SDG 4, which emphasize
practical learning for sustainable living. Chores develop fine-motor coordination, sequencing, hy-
giene awareness, and teamwork foundational competences for later STEM and vocational learning
(Akinyemi & Adeyinka, 2022).

3.4 Bridging Home and School L earning

Epstein’s (2018) model of school-family partnerships highlights that meaningful parental engage-
ment enhances learner confidence and achievement. When parents observe competence in familiar
domains such as cooking or cleaning, they become partners in reinforcing positive learning behav-
iors at home.
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4. M ethodology

4.1 Resear ch Design

The study adopted a qualitative case study approach within an action-resear ch framework, ena
bling iterative observation, reflection, and adjustment of classroom practice. This design was appro-
priate for examining naturally occurring behaviors and teacher reflectionsin areal-life context.

4.2 Participants and Setting

Participantswere ear ly childhood |ear ner saged 4-6 year s (both boys and girls) in one pre-primary
classroom at Northrise Primary School, Ndola. The class was facilitated by the teacher-researcher
(Masuzyo Sibande). Parents were indirectly involved by supplying food ingredients and utensils and
later reflecting on outcomes.

4.3 Data Collection Procedures

eObservation: Continuous classroom observations recorded |earner engagement, collabo-
ration, and initiative.

eInformal Interviews: Short post-activity conversations with learners captured their  feelings
and reflections.

eParent Discussions. Casual feedback sessions after activities provided insightsinto parental
perceptions.

4.4 Data Analysis

Data were analyzed thematically using the steps outlined by Braun and Clarke (2006). Transcribed
observation notes and interview summaries were repeatedly read, coded, and clustered into themes
such as independence, peer collaboration, and parental perception. Triangulation among observa-
tions, learner responses, and parental accounts enhanced credibility. Member-checking with the col-
laborating teacher ensured confirmability of interpretations.

4.5 Ethical Considerations

Parental consent was sought verbally, and learners’ identities were anonymized. Activities adhered
to safety standards, particularly during cooking sessions, under close teacher supervision.

5. Findings

Analysis of observations and discussions revealed three central themes:

5.1. Emergence of Independence and Responsibility

Learners showed enthusiasm in performing tasks independently. Many insisted on repeating chores
until they mastered them. Tasks such as washing and organizing materials enhanced self-regulation
and pride in personal accomplishment.

(Insert Photo 1: Learnerswashing clothes and utensils)
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5.2. Peer Learning and Collaboration

Children learned through imitation and social interaction. Some observed peers before trying tasks
themselves, consistent with Vygotsky’s (1978) concept of social constructivism. Cooperative cook-
ing sessions fostered teamwork and turn-taking.

(Insert Photo 2: Learners collaborating during cooking)

5.3. Transformation in Parental Perceptions

Parents reported being surprised at their children’s competence levels. One parent noted, “I always
thought my child was too young to cook, but she fried eggs confidently and insisted on helping at
home.” Such feedback indicated that home-linked chores can positively reshape parental attitudes
towards child capability.

6. Discussion

The results affirm that competence development in early childhood is strengthened when learning
mirrors children’s lived realities. Integrating chores and cooking provided authentic tasks that
merged physical, cognitive, and socio-emotional learning.

Kolb’s (1984) experiential model explains how learners moved from concrete experience (doing
chores) to reflection (“I can wash my shirt””) and conceptualization (understanding cleanliness and
order). These cycles cultivated agency and problem-solving—cornerstones of competence-based
education.

Peer interaction observed in this study echoes Vygotsky’s (1978) notion that knowledge is co-con-
structed. By watching and imitating, children operated within their Zone of Proximal

Masuzyo Sibande and Chipo Namakau Sakala

Development, gradually achieving mastery. Similar outcomes were documented by Blatchford et al.
(2011), who found that cooperative learning fosters engagement even in large classes.

Furthermore, the finding that parents re-evaluated their children’s abilities aligns with Epstein’s
(2018) parent-school partnership theory, reinforcing that competence devel opment extends beyond
the classroom. When parents witness competence in daily life tasks, home reinforcement becomes
more consistent, enhancing sustainability of learning outcomes.

From a cultural standpoint, the study supports Nsamenang’s (2012) argument that African child-
rearing traditions inherently value learning by participation. Integrating such traditions into formal
education contextualizes the curriculum and affirms local knowledge systems.

Overal, the study illustrates that competence development is not a function of age or academic
content, but of opportunity, environment, and belief in children’s capability. Home-linked chores,
therefore, serve as pedagogical tools that blend cultura relevance with CBE goals of credtivity,
responsibility, and collaboration.

7. Conclusion

The study concludes that early learners possess greater potential than often assumed and that au-
thentic, home-linked activities can uncover and strengthen diverse competences. By engaging in
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chores such as washing, organizing, and simple cooking, learners developed independence, fine-
motor control, teamwork, and a sense of responsibility. Integrating these experiences into early
learning classrooms aligns with Zambia’s competence-based reform agenda, nurturing lifelong
learning habits from the foundational years. Teachers should embrace experiential, low-cost, cultur-
ally grounded strategies that position the classroom as an extension of the home.

8. Recommendations

1.Curriculum Integration: Teachers should embed home-linked chores into early learning
schemes to contextualize competence development.

2. Teacher Reflection: Educators should continuously observe and document learner growth
through experiential activities.

3.Parent Engagement: Schools should engage parentsin collaborative dialogueto ~ harmo-
nize home and school learning experiences.

4.Policy Support: Curriculum developers should emphasize local, life-oriented competences
within Zambia’s CBE framework.
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ABSTRACT

Ghana’s National Council for Curriculum and Assessment (NaCCA) in 2023 introduced a new
STEM curriculum for its Senior High and Senior High Technical Schools. Whilethiswasabold
step, some SHS teachers felt underequipped to use the curriculum. . Practical Education Net-
work’s work with 25 teachers across seven STEM schools piloting the new engineering and
robotics curricula provides the basis for this paper. In November 2023, the government orga-
nized atwo-week training at KNUST, followed by ayear-long PEN-led coaching and mentoring
on hands-on learning with low-cost, locally-avail able materials.

Pre- and post-surveys showed gainsin 13 of 14 competencies. Highly
significant improvements (p < 0.001) occurred in schematic symbols
(0.94), CAD (1.71), rapid prototyping (2.00), microcontroller

programming (1.59), and reading microcontroller data (1.47).
Significant gains (0.001 <p < 0.05) were seen in ethics/safety (0.94),

identifying components (0.88), LED polarity (0.53), resistors (0.71),
voltage vs. current (0.94), multimeter use (1.24), digital vs. analog

(1.06), and flowcharts/logic (0.94). Engineering basics (0.59) improved

but was not statistically significant (p = 0.066). Overall statistical

scores rose from 49.29 to 63.41 (A=14.12; t=7.94; p <0.00001; d = 1.92).

Interviews revealed teachers gained confidence, observed greater student participation, and re-
ported stronger links between lessons and everyday life. Students demonstrated curiosity and
applied STEM concepts to practical projects. Leveraging locally-available materials to teach
engineering and robotics proved impactful in Ghanaian classrooms, offering a pathway to de-
colonizing STEM education in Africa.

Keywords: Teacher Training, STEM, Hands-on L ear ning, Curriculum Implementation,
Practical Learning, Decolonizing STEM

1.0 Introduction

The call to decolonize STEM education in Africa has become increasingly urgent. This means shift-
ing away from Eurocentric frameworks and lecture-driven traditions toward approaches that make
science and technology meaningful, sustainable, and socially relevant in African classrooms.

In Ghana, this conversation gained new momentum in 2023 when the National Council for Curric-
ulum and Assessment (NaCCA) introduced anew STEM curriculafor Senior High and Senior High
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Technical Schools under the National Pre-Tertiary Education Curriculum Framework. These re-
forms emphasi zed | earner-centered, competency-based approaches aimed at equipping studentswith
21st-century skills (NaCCA, 2023). While this was a bold step in the right direction, many SHS
teachers felt underequipped to implement the curriculain under-resourced settings.

This paper draws on the experience of the Practical Education Network (PEN), a Ghana-based NGO,
in their work with 25 teachers across seven STEM schools across the country to pilot the new engi-
neering and robotics curricula. The intervention began in November 2023 with atwo-week in-person
training workshop at the Kwame Nkrumah University of Science and Technology (KNUST), fol-
lowed by a year of structured coaching and mentoring. PEN’s curriculum and training officers vis-
ited schools twice a month, helping teachers translate abstract concepts into practical lessons using
low-cost, locally available materials.

2.0 Literature Review

The discourse on STEM education has evolved significantly over the past two decades, with an
increasing emphasi s on aligning curriculawith global competencies, decol onising knowledge frame-
works, and preparing teachers to deliver contextually relevant pedagogy. Internationally, initiatives
such as the Next Generation Science Standards (NGSS Lead States, 2013) and Bybee’s (2013) ar-
gumentsfor STEM education highlight the critical need to promoteinquiry-based |earning, problem-
solving, and innovation in ways that align with 21st-century demands. These frameworks emphasize
interdisciplinarity and future readiness, although they have been largely grounded in Western exist-
ing traditions.

Within Africa, regiona strategies have sought to contextualise STEM within local realities. The
Continental Education Strategy for Africa 2016-2025 (CESA 16-25) African Union, (2016) posi-
tions STEM as centra to socioeconomic transformation, underscoring the importance of teacher
capacity-building and curriculum alignment to sustainable development. Similarly, the National Pre-
Tertiary Education Curriculum Framework developed by Ghana’s NaCCA (2020) incorporates
competency-based approaches, yet implementation challenges persist, particularly in rural and low-
resource schools where teacher preparation is limited.

A growing body of scholarship hasraised concerns about the dominance of Eurocentric perspectives
in STEM education. Le Grange (2016) notes that decolonising curriculum involves broadening the
scope of knowledge systems to include locally grounded approaches. Shabalala (2025) shows how
bringing indigenous knowledge into environmental education can make learning more relevant and
sustainable in African contexts. Likewise, Kiggundu and Mavhunga (2022) argue that without Af-
rican perspectives, STEM risks reinforcing existing inequalities rather than addressing them. Porter
and Siddiqui (2024) also caution that STEM education can unintentionally reproduce colonial or
militarised themes, calling for pedagogies that encourage more critical and inclusive approaches.

Global policy frameworks provide aunifying vision for these reforms. The Incheon Declaration and
Framework for Action (UNESCO, 2015) explicitly situates STEM within Sustainable Devel opment
Goal 4, advocating for inclusive, equitable, and quality education. This agenda compels nations to
balance global benchmarks of STEM excellence with localised strategies that reflect cultura, his-
torical, and socioeconomic contexts.
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Sebsibe and Abegaz (2025) highlight that STEM education in Africa continues to face systemic
barriers, particularly in terms of teacher preparation, learning resources, and equitable access. Y e,
they argue that STEM remains central to national development and future skills, echoing the African
Union’s CESA 16-25 agenda.

Recent Ghana-focused studies and policy documents reinforce the need for context-sensitive STEM
reforms that combine curriculum change with substantial teacher professional development and lo-
cally redevant knowledge systems. The National Pre-Tertiary Education Curriculum Framework
(NaCCA, 2020) explicitly foregrounds competency-based approaches and callsfor teacher capacity-
building to deliver inquiry-led and contextually relevant learning. Empirical work in Ghana shows
persistent gaps between curriculum intentions and classroom practice. For example, Investigating
STEM Teachers’ Personal and Sociocultural Particularitiesin the Ghanaian Context (Anning, 2024)
found that teachers’ beliefs, background, and school environment strongly influence how well they
can enact competency-based STEM teaching, especially in rural and under-resourced schools. Field
interventions also illustrate promise.

PEN’s workshops in Accra and beyond have demonstrated improvements in teacher confidence and
uptake of hands-on activities with locally available materials aligned with the Ghanaian STEM cur-
riculum (Practical Education Network, 2018). Moreover, work by Gyamerah (2024) resulted in a
co-created pedagogica guide to integrate indigenous knowledge systems into science and mathe-
matics teaching, which is now being adopted by teachers in multiple regions (Gyamerah, 2025).
Recent policy workshops (IERIS-UEW and SACOST, 2024) have also called for officia curricula
to better integrate indigenous perspectives to enhance cultural identity, equity, and global citizenship
(Mereku, 2024). Together, these Ghanaian policy and research sources suggest that scal abl e teacher-
development models, aligned to NaCCA and grounded in local contexts and indigenous knowledge,
are critical for trandating decolonized STEM aspirations into classroom realities.

Severd literature, as shown in this session, underscores that advancing STEM education in Africa
requires curriculum reform and demands a systemi ¢ approach that combines decol onised knowledge
frameworks, teacher professional development, and policy coherence. By situating STEM education
within both global discourses and African existing traditions, it is possible to chart a path towards a
scalable framework for teacher professional devel opment in low-resource countries.

3.0 Methodology

This study employed a convergent parallel mixed-methods design to assess PEN’s STEM coaching
and mentoring program. Quantitative and qualitative data were collected together, analyzed sepa-
rately, and integrated during interpretation to provide a holistic understanding of program imple-
mentation and effectiveness. The research process followed three phases: a pre-intervention baseline
assessment (February—June 2024), an intervention phase (May—September 2024), and a post-inter-
vention monitoring and evaluation phase (November 2024).

The study was situated within the Government of Ghana’s broader STEM transformation agenda,
supported by Transforming Teaching, Education & Learning (T-TEL), a Ghanaian NGO. PEN im-
plemented the intervention in seven Senior High Schools (Abomosu STEM, Accra High, Awaso
STEM, Bosomtwe Boys, Bosomtwe Girls, Koase STEM, and K pasenkpe STEM) across six regions,
representing diverse socio-economic and geographic contexts. A key contextual factor was the
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establishment of new robotics and engineering laboratories, with PEN collaborating with T-TEL
and Aenics Engineering Limited to build teacher capacity to effectively use these STEM Labs
through a two-week in-person workshop after the coaching session had ended. Because Koase
STEM Senior High did not have any representatives at the initial workshop organized in November
2023, PEN’s mentoring and coaching session became the primary source of professional develop-
ment in implementing the new curriculum.

25 STEM teachers participated, 24 males and 1 female. This highlighted the persistent underrepre-
sentation of women in STEM teaching, underscoring the importance of promoting gender equity in
future recruitment and professional development efforts. 96% of these teachers were early in their
careers. Students and school |eaders were also sampled for semi-structured interviews. Students
comprised first-year engineering cohorts (average class size 55; approx. 250 per schooal).

The intervention was a multi-component coaching program guided by two roadmaps (engineering
and robotics). Coaches visited each school twice monthly, spending two working days per visit.
Coaching cycles included baseline assessment, classroom observations, co-creation of content for
subsequent meetings, technical training, and feedback. Pedagogies emphasized inquiry-based, kin-
esthetic, and problem-solving approaches, while technical modules spanned ethics and safety, cir-
cuits, renewable energy, engineering design, prototyping, Arduino programming, automation, ro-
botics, sensors, and 3D modeling. The program culminated in a two-week residential workshop in
one of the new labs to familiarize teachers further with the lab equipment for the various schools.

Data collection employed multiple methods for triangulation. Quantitatively, teachers completed
pre- and post-training self-assessments (5-point Likert scale across 14 domains; 25 pre, 19 matched
pairs post), serving as the primary measure of self-efficacy. Qualitatively, semi-structured inter-
views were conducted with teachers and school leadersto capture their perceptions of the coaching
process, challenges of implementation, and its impact on teaching practice. Semi-structured inter-
views were selected because they balanced consistency across participants with flexibility to probe
deeper into emerging issues. Additional interviews with students explored their experiences of en-
gagement, motivation, and innovation.

Dataanalysisfollowed two strands. Quantitative datawere analyzed in SPSS (v28) using descriptive
statistics, paired-sample t-tests, and effect sizes (Cohen’s d). Quotes were obtained from the semi-
structured interviews..

4.0 Findings

The needs assessment during the pre-coaching phase revea ed that while many teachers held engi-
neering-related degrees, they had limited prior exposure to hands-on technical training in areas such
as soldering, electronics, microcontroller programming, 3D modeling, and inquiry-based pedagogy.

A paired-sample t-test of matched participants (n=19) revealed a significant increase in self-rated
competency across all 14 domains on a scale of 1-5, with mean total scores rising from 49.29 (pre-
coaching) to 63.41 (post-coaching), representing a mean difference of +14.12 (T(16) = 7.94, p <
.00001). The effect size was large (Cohen’s d = 1.92). The degree of freedom (T) was 16 because 2
responses were discarded because they could not be matched to their pre-coaching survey data,
making (n-1) = 16.
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Competency Area Mean Gain (A) Cohen’s d Effect Size Interpretation
Rapid Prototyping +2.00 157 Large
CAD Experience +1.71 1.26 Large
Reading Data from Microcontrollers | +1.47 1.19 Large
Schematic Symbols (Interpretation) | +0.94 114 Large
Microcontroller Programming +1.59 1.03 Large
Use of Multimeter +1.24 0.95 Large
Voltage vs Current +0.94 0.82 Large
Flowcharts & Logic +0.95 0.79 Medium
Identify Components +0.88 0.79 Medium
Ethics & Safety +0.94 0.75 Medium
Digital vs Analog +1.06 0.68 Medium
LED Polarity +0.53 0.56 Medium
Resistor Use +0.71 0.56 Medium
Engineering Principles +0.59 0.48 Medium

Tablel: Practical significance of gains (Effect size)

Table 1 depicts consistently large effect sizes across technical and professional domains, underscor-
ing that the observed improvements were both statistically significant aswell as educationally mean-
ingful. The largest gains were in technical skills: Rapid Prototyping (+2.00, d = 1.57), Computer
Aided Design (CAD) (+1.71, d = 1.26), Microcontroller Programming (+1.59, d = 1.03), and Read-
ing Data from Microcontrollers (+1.47, d = 1.19). Significant improvements also occurred in core
engineering practices, including Using a Multimeter (+1.24, d = 0.95), Interpreting Schematics
(+0.94, d = 1.14), Identifying Components (+0.88, d = 0.79), and Differentiating Voltage & Current
(+0.94, d = 0.82). Professional competencies such as Ethical and Safety Protocols aso improved
(+0.94, d = 0.75).

A large mgority of teachers (79%) reported significant improvements in their pedagogica ap-
proaches. Quantitative results reinforced this. Teachers’ self-efficacy scores rose by an average of

+14.12 points (p < .00001, d = 1.92), with notable gains in technical competencies such as micro-
controller programming (+1.59) and CAD (+1.71).
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Figure 2 : Teacher competency gains from PEN’s Coaching Program

The bar chart in Figure 2 highlights the clear ranking of competency gains, with hands-on technical
skills showing the greatest improvements, reflecting the practical emphasis of the program.

Figure 3: Most Valued Aspects of the Training

Figure 3 shows that teachers valued practical skills above al areas, with hands-on activities, Arduino program-
ming, and CAD modeling mentioned most frequently as the most useful elements of the training.

Survey datafrom teachers showed a clear shift from theory-heavy instruction to hands-on, problem-
based |earning. As oneteacher from Awaso reflected, “This program has been an eye-opener. | used
to teach with chalk and talk, but now my students are building and experimenting. ”Another teacher
described the training as “a real training college for us, not just a workshop”(teacher from
Kpasenkpe STEM). Even non-engineering specialists embraced engineering content: “/ am a chem-
istry teacher, but now I can confidently guide my students in robotics and engineering” (teacher
from Bosomtwe Girls STEM).
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Teachers also observed dramatic increases in student engagement. “My students now build after
class. Some have won robotics competitions already” (teacher from Awaso STEM). Students
demonstrated critical thinking and innovation, creating solutionstailored to local needs, “my solar-
powered bus will reduce carbon emissions” (Engineering student from Kpasenkpe STEM).

Figure 4: 4 teacher at Bosomtwe Girls’ SHS Figure 5: A student demonstrates a bionic arm built
programs a servo motor for a robotic vehicle. from cardboard and strings.

All teachers (100%) observed dramatic increases in student engagement and motivation. Learners
were described as more curious, enthusiastic, and eager to continue projects beyond the classroom.
Some purchased their own components, while others participated successfully in robotics competi-
tions. Semi-structured interviews confirmed that students increasingly viewed STEM as both “en-
joyable” and “relevant to solving real-world problems.” Teachers shared examples of innovation,
including a bionic arm designed for individuals with gripping difficulties and a solar-powered bus
model.

Logistical chalenges were aso reported by 37% of teachers. These included limited classroom
space, coaching sessions conflicting with school timetables, and unreliable internet connectivity in
some regions. Some teachers suggested weekend or vacation sessions as an addition to regular ac-
tivities: “If this were done during vacations in addition to the regular session we are having, it
would be easier for both teachers and students to learn more” (teacher from Abomosu STEM).

4.1 Discussion

The findings present a case for the effectiveness of PEN’s coaching program. The statistical evi-
dence indicates progress against the measured competencies. The paired-sample t-test revealed a
mean increase of +14.12 pointsin self-rated competency, with a large effect size (Cohen’s d = 1.92).
According to benchmarks (Cohen, 1988), an effect size above 0.8 is already considered large; thus,
d = 1.92 signals a transformation of systemic magnitude.

Theresults underscore that these gainswere consistently large across both technical and pedagogical
domains. Another insight from the large effect sizes showed that teachers did not only score higher
on asurvey of self-efficacy, but actually underwent meaningful learning. For example, it was the
technical skills areas such as Rapid Prototyping (+2.00, d = 1.57), CAD (+1.71, d = 1.26), and Mi-
crocontroller Programming (+1.59, d = 1.03), that saw the biggest improvements. The sharp gains
reflect the program’s effectiveness in addressing the weakest baseline competencies and building
new technical skillsthat they previously lacked.
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The results again show the ranking of competency gains, showing that hands-on technical skills
advanced more sharply than other areas. Thisalignswith the qualitative accounts of teachers moving
from ““chalk-and-talk” to practice-based teaching. The data shows that the PEN model directly filled
the gap in applied engineering fields. In other words, the largest improvements are concentrated in
the skills that were previously the weakest.

The study reveals what teachers themselves valued most. 47% cited hands-on activities, 32% high-
lighted Arduino programming, and another 32% pointed to CAD modeling as the most valuable
aspects of thetraining. This convergence of teacher preferences with the areas showing the strongest
quantitative gains provides an important validation. It demonstrates that the program’s most impact-
ful components were al so the most meaningful to teachers, making it both statistically robust as well
as practically and professionally relevant.

The universal reporting of increased student engagement from 100% of teachers indicates that the
benefits of the coaching program extended beyond the teachers themselves and into the classroom.

Teachers’ qualitative reports of students sustaining projects outside class, and competing success-
fully in robotics competitions are direct manifestations of the technical competence gains observed
in the students. This suggests that when teachers gain technical and practical capacity, students also
reap positive results.

Semi-structured interviews with students also showed that |earners are seeing the new changes in
their classrooms and are aready enjoying hands-on learning. Thisis deepening their understanding
in engineering and robotics and is pushing many of them to choose STEM-related careers after their
Senior High School education. This highlights the long-term benefits of student-centered learning
and hands-on teaching with locally available materials, which were the core of the whole coaching
program.

All together, the data paints a picture of promise. The coaching model has proven highly effective
at equipping teachers with technical and pedagogical competencies (large effect sizes across do-
mains), aligning teacher values with actual skill gains and creating changes in student learning and
engagement. However, for these outcomes to scale sustainably, systemic investment is essential.
The findings signal the success of the PEN model and aso its policy relevance in driving transfor-
mation in STEM education in Ghana and across the region.

5.0 Conclusion

This study showsthe resultsfrom PENs coaching model using locally available materials and hands-
on pedagogies. Thisis a step in the right direction in decolonizing STEM pedagogy in Ghana and
beyond. Through the coaching program, teachers in seven STEM schools across Ghana grew in
confidence and competence, shifting from theory-heavy lessons to hands-on, problem-solving ap-
proachesusing local materials. The numbers confirmed it, and so did the stories. Classrooms became
places where students were curious, engaged, and building real prototypes that addressed local chal-
lenges.

The message for policymakers and practitioners is that sustained, practice-based coaching works,
and will be necessary if embedded into national frameworks. For development partners, thisis an
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invitation to back human capacity with support so that teachers can fully bring their new skills to
life.

L ooking ahead, more research is needed to understand how these gains hold up over time, how they
affect exam performance and innovation, and whether this model can be adapted to other African
contexts.

When teachers are equipped and encouraged to teach in ways that connect with their realities, STEM
classrooms can become incubators of creativity and innovation. The PEN coaching program is a
reminder that African-grown solutions can lead the way in transforming education and in shaping a
generation of problem-solvers who see themselves not just as learners, but as creators of solutions
for their communities,
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APPENDI X
Appendix A: Pre - Coaching and Post Coaching Survey Instrument

Section 1: General Information
1.Full Name
2.School Name
3.What are your expectations for the Teacher Coaching Program?
4.Do you have any prior experience with the following? (
Select al that apply)
o Robotics Education o Engineering Education o None

Section 2: Self-Assessment of Engineering and Pedagogical Competencies
(Scale: 1 = Novice, 5= Expert)
5.How confident are you in explaining the basic principles of engineering and how they are used
in everyday objects?
How comfortable are you in identifying ethical considerations and safety protocols in engineering
practices? 6.How well can you identify basic electrical components physically?
7.Can you easily identify the positive and negative legs of an LED bulb?
8.Do you understand how and why resistors are used in circuits?

9.Can you identify basic symbols of components in a simple schematic diagram and replicate it
using rea components?

10.How well can you differentiate between voltage and current in acircuit?
11.How comfortable are you using a multimeter to measure voltage, current, and resistance?
12.Have you ever used any Computer-Aided Design (CAD) software for creating 3D models?

13.Are you familiar with different rapid prototyping techniques (e.g., 3D printing, casting, PCB
fabrication, laser cutting)?

14.Have you ever programmed a microcontroller (e.g., Arduino)?

15.Can you identify and differentiate between digital and analog signals?

16.How comfortable are you with reading data from a microcontroller (e.g., temperature sensor
reading) using a computer program?

17.How comfortable are you using flowcharts to represent the logic and decision-making steps
within asimple program?

Section 3: Overall Confidence
19. In conclusion, how confident are you in your ability to teach engineering concepts?

o Not Confident at All ® Somewhat Unsure ® Neutral e Somewhat Confident °
Very Confident
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Section 4 - Only for Post Survey
What aspects of the training sessions did you find most val uable?

What could be improved in future training programs?

Did you observe any changes in your students engagement and learning after implementing the
strategies learned during the coaching program? (Please elaborate) Were there any specific chal-
lenges you encountered while implementing the coaching program strategies? If so, please explain.

What are your suggestions for improving the SHS STEM Teacher Coaching Program in the future?
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ABSTRACT

The purpose of this study was to examine how educators who participated in the Knowledge Co-
Creation Programme (KCCP) 2025 sustained and cascaded the theme of Foundational Learning
Environments within their local contexts. It sought to understand the extent of implementation,
the strategies used, and the emerging impact on teaching and learning practices in participating
countries. A descriptive qualitative design was employed, focusing on post-training reflections
and activity reports submitted by KCCP 2025 alumni. The target group comprised educators
from 14 African countries, with reports received from all fourteen representatives and nine (9)
countries indicating active cascading of the Foundational Learning Environment theme. Data
were collected through document analysis of post-training reports, which provided evidence of
outreach activities, school-based workshops, and educator-led innovations. Thematic analysis
identified common patterns, variations, and success indicators on the type of cascade activity
conducted across different country contexts. Results revealed that educators successfully cas-
caded training concepts through structured in-service sessions, peer-learning communities, and
integration of learner-centered pedagogies, while others focused on developing foundational
learning environments through the creation and redesigned learning spaces that enhanced inclu-
sivity, visihility of learning outcomes, and hands-on engagement. These cascaded activities
demonstrated how the training concept of developing learning environments was localized and
operationalized by educators in their country settings. The findings suggest that international
professional development programmes like K CCP can generate sustainabl e transformation when
participants are supported to contextualize, disseminate, and integrate competences that embed
the culture of co-creation and innovation in African education systems.

Keywords. Foundational learning, Learning environments; Knowledge Co-Creation Pro-
gramme; cascading; competence-based education; foundational learning environments

1. Introduction

Sustaining the Ripple Effect: Educators’ Cascading of Foundational Learning Environments

The Knowledge Co-Creation Programme (KCCP), supported by international collaboration and
hosted in Zambia, serves as a professional learning platform aimed at strengthening Science, Tech-
nology, Engineering, and Mathematics (STEM) education across Africa. The 2025 theme, Founda-
tional Learning Environments, sought to help educators understand how |earning spaces—physical,
psychological, social, and technological—can influence competence acquisition. Post-training ex-
pectations encouraged participants to cascade the acquired skills to colleagues and learnersin their
home countries, thereby sustaining a “ripple effect” of innovation. The concept of cascading aligns
with peer-to-peer professional development, where trained educators serve as change agents for
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contextualized curriculum implementation. This study examines the scope and nature of these cas-
cading efforts across participating countries.

2. Statement of the Problem

Whileinternational training programmes such as KCCP provide opportunitiesfor skill development,
the sustainability of their impact depends on whether participants apply and disseminate the learned
practices after returning home. In many African education systems, post-training follow-up and doc-
umentation of cascading practices remain limited. Without empirical evidence of implementation,
the long-term value of such initiatives cannot be ascertained. This study therefore sought to investi-
gate how KCCP 2025 alumni sustained and cascaded the theme of Foundational Learning Environ-
ments, identifying practical activities, successes, and challenges encountered in translating training
into practice.

3. Literature Review

The concept of foundational |earning environmentsis rooted in constructivist and competence-based
education theories, which emphasize that learning occurs through interaction, collaboration, and
contextual engagement (Biggs & Tang, 2011). Studies by Hofstein and L unetta (2004) and Baird et
al. (2017) underscoretherole of practical learning spacesin fostering scientific inquiry and problem-
solving skills. In African contexts, the shift from outcome-based to competence-based education
highlights the need for adaptable environments that nurture creativity, inclusivity, and learner
agency (Anh et a., 2024). Professional development programmes that emphasize co-creation and
peer exchange—Ilike KCCP—mirror the model of “communities of practice” (Wenger, 1998), pro-
moting continuous reflection and adaptation. However, the extent to which international training
tranglates into local innovation remains under-documented. This study contributes to filling this gap
by examining post-training cascading experiences across multiple African nations.

4. Purpose and Significance of the Study

The purpose of this research was to assess how educators who participated in the KCCP 2025 sus-
tained and cascaded the Foundational L ear ning Environment themein their home institutions and
communities. This study is significant as it documents how international professional learning initi-
atives can catalyze localized educational reform. It provides evidence that KCCP alumni are not
passive recipients but active disseminators of pedagogical innovation. The research offers insights
to ministries of education, donors, and training agencies on how to track, support, and scale the
impact of professional development beyond the training venue

5. Objective of the Study

The objective of the study was; To determine the extent of cascading activities undertaken by edu-
cators following KCCP 2025.

6. Resear ch Questions

The research question guiding this study was; To what extent did KCCP 2025 participants cascade
foundational |earning environment practices in their respective countries?
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7. Methodology

A descriptive qualitative research design was adopted. The target group comprised 14 educators and
policymakers drawn from 13 African countries who participated in the KCCP 2025 training. Data
collection involved document analysis of post-training reports submitted by participants, focusing
on activities conducted to cascade training content. The reports described workshops, peer-learning
activities, classroom innovations, and curriculum integration efforts. Thematic analysis was used to
identify common strategies, examples, and outcomes across contexts, using codes derived from the
study objectives.

8. Results

The analysis of cascading activities undertaken by educators following the Knowledge Co-Creation
Programme (KCCP) 2025 reveals four dominant strands of implementation that characterize how
the theme of Foundational Learning Environments was localized across participating countries.
These activity types—peer-learning communities, structured in-service sessions, integration of
learner-centered pedagogies, and development of physical learning environments represent diverse
yet complementary approaches to sustaining the impact of professional development. Each activity
type demonstrates educators’ agency in contextualizing the training outcomes to suit their institu-
tional realities. Peer-learning communities emerged as the most widespread strategy, fostering col-
laborative professional growth and continuous reflection among teachers. Integration of learner-
centered pedagogies highlighted shiftsin instructional practicetoward competence-based education,
emphasizing learner engagement and creativity. The development of physical learning environments
reflected tangible transformation of classroom spaces, showcasing innovation using local materials
and community participation. Meanwhile, structured in-service sessions signified formalized insti-
tutional effortsto scale training benefitsto larger teacher populations. Collectively, these cascading
activities illustrate a robust and multi-dimensional ripple effect of the KCCP 2025, where profes-
sional learning translated into visible educational transformation across Africa.

Activity Type Number of Countries
Peer-learning communities

Structured in-service sessions

Integration of learner-centered pedagogies
Developed learning environment

Graphically the pie chart below iluustrates this

WOl |

Journal for Science, Technology, Engineering and Mathematics Education in Africa (JSTEMEA) - Volume 1, Number 1, January 2026 119



Chipo Namakau Sakala and Natasha R. Nyangwete

Proprtion of Cascading Activity Types

* Peer-learning communities

= Structured in-service sezsions
Integration of lesmer-cantered
pedagogies
Developed learning envircnment

The pie charts showing the distribution of cascading activities across the 13 participating African
countries from the KCCP 2025 post-training reports. Thisillustrates that peer-learning communities
and integration of learner-centered pedagogies were the most common cascading strategies, while
structured in-service sessions and devel opment of learning environments followed as significant but
less frequent approaches.

Summary of Cascading Activities

Nine countries reported active cascading through peer-learning communities, in-service training,
and environmental redesign. Peer-learning communities fostered collaborative inquiry and teacher-
to-teacher support. Integration of learner-centered pedagogies enhanced classroom engagement and
creativity. Developed |earning environments demonstrated tangible transformation in school spaces.

Cascading Activities and Examples of | mplementation

This section describes the cascading activities undertaken by participants after the Knowledge Co-Creation
Programme, together with examples of how each wasimplemented. Where photographs were provided, they
are shown beneath the relevant description; where evidence was submitted as areport or video, thisis noted
in the text.

Code 1

Under Code 1, the cascading activities focused on developing the learning environment and integrating
learner-centred pedagogies. Model outdoor |earning spaceswere created using recycled materias, and teacher
mentoring sessions on inquiry-based learning were conducted. Learner-centred pedagogies were further in-
tegrated through culturally contextual learning using storytelling, and areport on this activity was submitted.
Through peer-learning communities, the experience was a so shared with relevant stakeholders at Ministry
Headquarters, for which afurther report was submitted.

120 Journal for Science, Technology, Engineering and Mathematics Education in Africa (JSTEMEA) - Volume 1, Number 1, January 2026



Sustaining the Ripple Effect: Educators’ Cascading of Foundational Learning Environments following KCCP 2025 pp 117-125
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'Ifigure 1: Learning environment devel oped under Code 1, including learners using improvised stoves and outdoo '
play equipment made from recycled materials.

Code 2

Under Code 2, the cascading took place through peer-learning communities. The KCCP experience was
shared with school-level management, and plans were made to develop the physical |earning space.
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Figure 2: Sharing session with school-level management under Code 2.

Code 3

Under Code 3, learner-centred pedagogies were integrated by introducing practical classroom demonstrations
that used local materiasfor scienceinstruction. Videos of these demonstrations were submitted as evidence.

Code 4

Under Code 4, peer-learning communities and learner-centred pedagogies were promoted by organising dis-
trict peer circles and piloting learner portfolios to assess the growth of competences. Learning environments
were a so developed. Videos documenting both activities were submitted.

Code5

Under Code 5, peer-learning communities and |earner-centred pedagogies were advanced through workshops
that engaged over 200 teachers on active learning methods.
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Figure 3: Teacher workshops on active learning methods under Code 5.

Code 6

Under Code 6, the participant used peer-learning communities to share what had been done during the KCCP
training in Zambia.

Figure 4: Sharing of the KCCP training experience under Code 6.
Code7
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Under Code 7, the learning environment was developed by constructing low-cost learning centres with sci-
ence corners, with active participation from the community.

n

Code 8

Under Code 8, structured in-service sessions were held in the form of zonal teacher workshops on compe-
tence-based pedagogy, reaching 400 teachers. A report on these workshops was submitted.

Code9
Under Code 9, the learning environment was developed by revamping laboratories into competence-based
learning hubs, and lesson-study groups were launched to strengthen learner-centred pedagogies. Structured
in-service sessions were also conducted through zonal teacher workshops on competence-based pedagogy.
Following these sessions, some participantstrialled the pedagogiesin their own classrooms.

, 7 -
"M ol ﬂ i %
-~ - : e | &

Figure 6: Competence-based learnin
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Figure 7: Participantstrialling tbﬁe pedagogiesin their clééqooms and schooi grounds under Code 9.
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9. Discussion

Theresults of this study illuminate the multifaceted ways in which educators across Africa cascaded
the concept of Foundational Learning Environments after participating in the KCCP 2025. The four
dominant strands peer-learning communities, structured in-service sessions, integration of learner-
centered pedagogies, and the development of physical learning environments represent an evolving
ecology of professional learning deeply embedded within teachers’ local contexts.

The prominence of peer-lear ning communities emphasises the enduring value of collective reflec-
tion and collaborative inquiry in teacher development. This aligns with Wenger’s (1998) theory of
Communities of Practice, which positions learning as a socialy constructed process wherein
knowledge is co-created through interaction and shared experience. By initiating and sustaining
these communities, educators not only reinforced their own professional growth but also contributed
to aself-regenerating system of support that reduces dependence on external facilitators. The organic
nature of these groups highlights teachers’ agency and ownership—critical enablers of long-term
pedagogical reform.

The integration of lear ner-center ed pedagogies across classrooms signifies a paradigmatic shift
from content transmission toward competence-based, experiential |earning. Educators demonstrated
an understanding that foundational learning thrives when learners are engaged as active participants
in constructing meaning. This observation aligns with Biggs and Tang’s (2011) constructive align-
ment model, where learning outcomes, activities, and assessments are coherently linked to foster
deep understanding. The inclusion of local cultura materials and inquiry-driven approaches also
reflects amove toward contextualized pedagogy, making learning both relevant and transformative.

Meanwhile, the development of physical lear ning environmentsto alarger extent using recycled
or locally available materials reveals that professional learning outcomes can manifest in tangible,
infrastructural innovation. These physical transformations extend beyond aesthetics; they symbolize
a commitment to designing spaces that stimulate curiosity, interaction, and competence devel op-
ment. Such efforts mirror emerging literature (Barrett et al., 2019) emphasizing that the physical
environment significantly influences learner engagement and achievement, particularly in resource-
constrained settings.

Structured in-service sessions

, though lessfrequent, played animportant institutional role by bridging individual teacher initiatives
and systemic implementation. These sessions provided formal platforms through which training
concepts could be scaled and standardized. The involvement of ministries and school management
in such sessions points to the beginnings of institutionalization an essential condition for policy-to-
practice continuity.

Sustaining the Ripple Effect: Educators’ Cascading of Foundational Learning Environments

Therefore, while the KCCP model has succeeded in igniting innovation, its long-term impact will
depend on reinforcing these grassroots efforts through policy alignment, budgetary prioritization,
and cross-country mentorship networks.
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11. Conclusion

The cascading of foundational learning environments following the KCCP 2025 represents a re-
markabl e instance of professional knowledge transfer and transformation across Africa. Educators
not only replicated the principles acquired during training but reimagined them within their unique
cultural and institutional realities demonstrating adaptive professionalism and innovative resilience.
Through peer-learning communities, learner-centered practices, and locally driven environmental
redesigns, they have translated theoretical competence-based education into authentic, actionable
change.

However, sustaining this momentum requires deliberate institutional commitment. Ministries of Ed-
ucation and teacher-training agencies should formalize peer-learning communities, integrate cas-
cading reportsinto national quality-assurance frameworks, and establish mechanismsfor continuous
mentorship. Furthermore, fostering cross-country learning platforms both virtual and in-person
will amplify the ripple effect initiated by KCCP 2025, ensuring that collaborative knowledge crea-
tion becomes a norm rather than an exception.

Ultimately, the study affirms that when professional learning is participatory, contextualized, and
supported by enabling systems, it can catalyze not only teacher competence but also broader educa-
tional transformation. The KCCP 2025 thus stands as a scalable model for embedding competence-
based education across Africa through sustainable, locally driven innovation.

12. Recommendations

Lingtitutionalize cascading as a formal component of teacher professional development
within ministries of education.

2.Provide seed funding for local implementation of learning environment projects. 3.Integrate
inter and intra monitoring frameworks that track cascading outcomes over time.

4.Encour age collabor ative resear ch among alumni to document and publishlocal  innova-
tions.
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1.0 Introduction

Students’ attitude is one of the most important secondary school learning outcomes. Its importance
at this level is premised on the fact that career aspirations are formed at this level of education.
Attitude is a construct of the affective domain and has received much attention from researchersin
the last 40 years (Aiken & Aiken, 1969; Koballa & Crawley, 1985; Koballa, 1988) and is still con-
tinuing. Attitude occupies a central position that determines students’ disposition towards a partic-
ular school subject. Students’ attitude motivates them to pursue a particular course of study and
continue in their efforts to attain a mastery level in the subject matter. Students’ attitude towards a
particular school subject is aso reflected in the way they manage their perception and behaviour to
the content being learnt. Thus, attitudes do not only facilitate learning, they are products of students’
learning (Smith et al., 2012). Attitude may refer to the predisposition in responding in away that is
either favourable or unfavourable in relation to a certain attitude object (Oskamp & Schultz, 2005).
This attitude object may range from things like biology, biologists, biology lessons, topics taught in
school biology, inquiry-based biology |aboratory experiments, biology education research, biologi-
cal weapons, and biotechnology (Cheung, 2011). Two important reasons were adduced for enhanc-
ing students’ attitude towards science. First, attitude is linked with academic success. Researchers
like Bennett, et al., (2001) and Salta and Tzougraki (2004) reported positive correlations between
students’ attitude and achievement in chemistry. Salta and Tzougraki (2004) reported that the cor-
relation value between students’ achievement in and attitude towards chemistry ranges from 0.24 to
0.41. Bennett et al., (2001) reported that the students with less positive attitude towards chemistry
had low achievement score in the chemistry examination. Russell and Hollander (1975) also ob-
served that there is a strong relationship between attitude and achievement, but a positive attitude
cannot be inferred from achievement alone. They further reasoned that; there is a possibility for a
student who has developed a more positive attitude towards a subject to achieve alow score in that
subject and vice-versa. This means, attitude can influence achievement, but achievement may not
have influence on attitude. As Stark and Gray (1999), submitted, if attitude is given utmost consid-
eration, the much-anticipated change in cognitive domain may be achieved. The other reason for
developing students’ positive attitude towards science is its ability to predict behaviours (Glasman
& Albarracin, 2006; Kelly, 1988). According to Kelly (1998), the preference for biology, chemistry,
or physics in schools by British students was predicated on their likeness for that particular subject.
Despite receiving enough attention from researchersin the last 40 years or more, the importance of
attitude has often been played down in comparison to achievement when it comes to measuring
educational outcomes by the society, curriculum planners and teachers. As Stark and Gray (1999)
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stated, one of the major responsibilities of the science teachers is to develop students’ positive atti-
tude towards science subject.

1.1 Background to the Study

Most elementary schools use textbooks to teach science (when science is taught at all), but hands-
on science curricula have become increasingly popular over the last two decades (cite). Hands-on
science typically engages students in research activities in the classroom. Complete curricula of
hands-on activities have been developed to effectively replace the use of science textbooks in ele-
mentary classroom: Full Option Science System (FOSS; Delta Education), developed at the Law-
rence Hall for Science (at the University of California, Berkeley), Science and Technology for Chil-
dren (STC; Carolina Biological Supply Company), developed by the National Science Resources
Center (ajoint enterprise of the National Academy of Sciences and the Smithsonian Institution), and
Insights (Kendall/Hunt). Other curriculaoffer acombination of textbook and handson activities (e.g.
Scott Forseman Science). The hands-on activities provide students with opportunities to engage in
exploration and sense making with the science content. Researchers on elementary science reform
emphasize the need for students to engage in scientific inquiry (Driver et al., 1994; Harlen, 2004).
Engaging students in inquiry can provide a powerful learning experience where students not only
learn about science content but also gain reasoning and research skills. Students come to understand
the nature of scientific problem solving as the pursuit of meaningful questions through the use of
procedures that are thoughtfully generated and evaluated (Magnusson & Palincsar, 1995). The
hands-on science curricula(e.g. FOSS, Insights) al so describe their materials as promoting scientific
inquiry. The positive value of science teaching through inquiry is nearly universal in the literature,
but the implementation of this pedagogy in classrooms has been problematic. Critics of the reforms
have pointed out that the implementation of hands-on curriculacan err either on the side of too much
or too little guidance. Research on highschool science labs shows that highly structured activities
may teach students to simply ‘follow the recipe’ and result in little meaningful learning of content
or research methodology (NRC, 2005). In the other extreme, if teachers provide too little guidance,
the activity becomes “discovery learning” which has not been very effective in previous studies
(Mayer, 2004). Observations of hands-on science have indicated that some teachers do not fully
implement the curriculum asiit is designed (Aschbacher & Roth, 2002). Instead, some teachers have
the students conduct hands-on activities without the preparation, analysis and reflection that is often
called for. Without having detailed knowledge of the actual implementation of the hands-on curric-
ula, itisnot possibleto tell how much inquiry is happening. Research on the effectiveness of hands-
on science curriculatendsto show apositive effect for small tightly controlled studies. Studieswhere
researchers closely monitored the curriculum (often involving technology) have resulted in more
science learning (Kracjik et al, 1998; Lehrer, Schauble, Carpenter & Penner, 2000; White & Fred-
eriksen, 1998; Young & Lee, 2005). Research in the 1970s and 1980s showed an advantage for
hands-on science (Bredderman, 1983; Shymanski, Hedges & Woodworth, 1990). Stohr-Hunt’s
(1996) analysis of test data and teachers’ self-report of hands-on frequency show very small in-
creases in scores for students who had more hands-on experience. More recent studies have |looked
at hands-on science implementation within asingle district. Research from El Centro Schools shows
district reading and writing scores improved after the adoption of hands-on science curricula (Am-
aral, Garrison, & Klentschy, 2002) and that when teachers have professional development in Scaf-
folded Guided-Inquiry students learning improves (Vanosdall, Klentschy, Hedges & Weisbaum,
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2007). Schymansky, Y ore & Anderson (2004) report that added professional development for teach-
ers did not lead to gains in science scores or attitudes about science. The use of hands-on curricula
continues to expand, but textbook science is still generally treated as the norm. Many elementary
teachers or schools choose a third option which is to teach little or no science, choosing instead to
focus on math and language skills which are more heavily tested.

Science education in schools faces the challenge of fostering genuine student engagement and pos-
itive attitudes. Thetraditional lecture-centric approaches often fall short in capturing student interest
and demonstrating the real-world relevance of scientific concepts. Hands-on learning, particularly
through laboratory activities like practicals, offers a potential solution by providing students with
active, experiential learning opportunities. This research investigates the extent to which incorpo-
rating hands-on laboratory activities can positively influence student attitudes towards biology and
chemistry.

1.2 Statement of the Problem

Many consider STEM (science, technology, engineering, and mathematics) education to be a vita
engine of creativity and economic competitiveness. Biology and chemistry are fundamenta pillars
in this area supporting devel opmentsin technology, environmental sustainability, and medicine. But
the drop in enrollment and bad perceptions pupils sometimes come to have about these fundamental
scientific fields (Osborne, Simon, & Collins, 2003) present a constant obstacle within secondary and
tertiary education. Many times seeing biology and chemistry as challenging, abstract, and unrelated
to their daily lives causes students disengagement, high STEM major attrition rates, and lost oppor-
tunity to develop a scientifically literate populace. Fundamental sciences, Biology and Chemistry,
not only support severa fields but also assume amain role in finding solutions to actual problems
in health, agriculture, manufacturing, and the environment. Still, a persistent worry in science edu-
cation is the continuous drop in pupils motivation and curiosity toward these topics. Many students
see Biology and Chemistry as abstract, content-heavy, and hard to connect to daily life, which often
results in unfavorable opinions, disinterest, and low performance. Such attitudes affect the creation
of ascientificaly literate and competent workforce by greatly influencing students' desire to seek
science-related careers.

Often stressing rote learning, fact memorizing, and teacher-centered techniques, conventional sci-
ence classroom techniques a so depend on these elements. Although these techniques could address
curriculum material, they often fall short of promoting interest, critical thinking, or favorable affec-
tiveinclinationstoward science. Studiesindicate that attitudes toward science are influenced not just
by cognitive elements like performance but also by emotional events including pleasure, curiosity,
and assessed relevance. Therefore, neglecting the experiential and applied aspects of science educa-
tion in teaching techniques might unintentionally perpetuate unfavorable beliefs. Including labora
tory exercises is one long-standing teaching technique meant to fight against this disengagement.
Hands-on, inquiry-based | abs are thought to span the distance between theoretical ideas and practical
reality, hence promoting conceptual understanding, sparking curiosity, and fostering favorable atti-
tudes (Hofstein & Lunetta, 2004). Notwithstanding this theoretical potential, the real data on how
hands-on labs affect student attitudes is scant and conflicting. Neglecting the affective domain—that
of attitudes, motivations, and interests of students (Potvin & Hasni, 2014)—many current studies
concentrate mostly on cognitive benefits like exam grades. This gap in the literature presents a
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significant problem. First, it isunclear which specific aspects of hands-on laboratory activities (e.g.,
inquiry-based design, collaboration, relevance to real-world issues) are most influential in shaping
student attitudes. Many laboratory exercises remain "cookbook-style," where students follow pre-
scribed stepsto achieve aknown result, potentially doing little to foster genuineinterest or apositive
attitude. Second, there is alack of comparative understanding of how these activities differentially
impact attitudes towards biology versus chemistry, two disciplines often taught in tandem but with
distinct perceptual challenges (e.g., chemistry's mathematical abstraction vs. biology's complex ter-
minology). Finally, most attitude assessments are conducted immediately after an activity, leaving
agap in understanding the long-term or sustained impact of these |aboratory experiences on students
scientific dispositions. Hands-on laboratory activities provide an experientia learning environment
where students actively engage in scientific processes, apply theoretical concepts, and devel op prob-
lem-solving skills. By allowing students to manipulate materials, conduct experiments, and observe
outcomes firsthand, laboratory experiences have the potential to make science more tangible, mean-
ingful, and enjoyable. Y et, despite growing recognition of their importance, many schools and uni-
versities face challenges such as limited resources, insufficiently equipped laboratories, and inade-
guate integration of practical work into curricula. Consequently, thereis still limited empirical evi-
dence, particularly in the local context, regarding the extent to which hands-on laboratory activities
can transform student attitudes toward Biology and Chemistry.

Therefore, the problem this dissertation investigates is the lack of rigorous, empirical evidence de-
tailing if, how, and why hands-on laboratory activities specifically influence student attitudes to-
wards biology and chemistry. Without a clearer understanding of this relationship, educators and
administrators may continue to invest significant time and resources into laboratory components
without maximizing their potential to inspire and engage the next generation of scientists and in-
formed citizens. The problem, therefore, isthat while hands-on laboratory activities are theoretically
considered effective in enhancing student engagement and attitudes, there remains a gap in under-
standing their actual impact in educational settings. Without clear evidence, educators may continue
relying heavily on traditional teaching methods that risk further alienating students from science.
Investigating how laboratory-based learning influences student attitudes towards Biology and
Chemistry is essential for informing curriculum design, improving pedagogical practices, and ulti-
mately promoting sustained interest and achievement in science education.

This study will address this problem by systematically implementing and evaluating a series of in-
tentionally designed hands-on laboratory activities to measure their specific impact on student atti-
tudes. Thefindingswill contribute critical insightsto science education theory and provide evidence-
based recommendations for curriculum design, aiming to transform laboratory sessions from mere
requirementsinto powerful toolsfor fostering positive and enduring attitudes towardsthe vital fields
of biology and chemistry.

1.3 Justification

The research question on how hands-on laboratory sessions affect the attitude of the students to
biology and chemistry is not an important academic endeavor; it is a research requirement that is
explained by a convergence of theoretical, practical, and social requirements. The documented drop
in student enthusiasm and tenacity in STEM disciplines, specifically following introductory classes,
isacritical challenge on anational and international scale (National Science Board, 2022). Thisleak

Journal for Science, Technology, Engineering and Mathematics Education in Africa (JSTEMEA) - Volume 1, Number 1, January 2026 129



Munashe Chakamanga, Tanya Dzinemarira and Tonderai Rusere

in the pipeline creates alack of skilled professionalsin areas of critical need in biology and chemis-
try, including health, biotechnology and environmental science. Although it is important to have
cognitive mastery, recent studies have indicated that affective factors such as attitude, interest, and
self-efficacy are strong predictors of student decision to join and continue studying STEM (Maltese
and Tai, 2011). Thus, the capability of pedagogical tools, such as laboratories, to have a positive
impact on these affective aspects is not a secondary aspect but a main downstream to enhance the
STEM pipeline. This paper specifically deals with this crisis by targeting attitudinal antecedents of
STEM persistence.

Science laboratory has along history of existence in terms of science education being based on the
theoretical premise that practical experience is inherently motivational and advantageous. Y et, as
Lunetta, Hofstein, and Clough (2007) point out, the disproportion between the rhetoric of laborato-
ries (the perceived advantages) and the actual performance of its execution and the quantifiable
results is disturbing. In ssmple terms, we are of the assumption that labs can enhance attitudes, but
we have alack of strong evidence to indicate how and why. The research has been necessitated by
the urgent necessity to go beyond tradition and assumption to come up with empirical evidence. It
aims at either confirming or disapproving prevailing ideas regarding laboratory pedagogy thus fill-
ing the gap between educational theory and classroom practice.

As revealed in the problem statement, the available literature on thisissue is sporadic and aso in-
conclusive. Numerous papers are dedicated to Short-Term Outcomes. They take the measurement
of attitudes right after, and right before one activity, achieving nothing in evidencing whether it was
sustained over a semester or a year of study. Repeatedly, Use Inappropriate Instruments, they fre-
guently use non-validated surveys or simple questionnaires, which do not have the psychometric
strength to reliably measure even complex constructs such as the attitude. They also do not distin-
guish between different kinds of laboratory experiences (e.g. verification labs and open-ended in-
quiry), and instead consider all hands-on activities as same. The study iswarranted given that it will
provide remedies to these methodological flaws by using longitudinal design, tested attitudina
scales (i.e., on the basis of the Test of Science-Related Attitudes, TOSRA), and a well-considered
intervention which will explicitly determine the nature of hands-on activities under study. Labora-
tories, as an element of science education, are some of the most costly resources to keep informed,
which demand a huge amount of funds in terms of equipment, supplies and specialized staff (lab
technicians, teaching assistants). Administrators of schools and universities always have ahard time
deciding on the alocation of resources. In the absence of indicators on the exact value of the labsin
addition to the possible cognitive benefits, which occasionally can be attained with cheaper simula-
tions, these crucia experiences are usually thefirst to be discarded in a budget-constricted situation
(Weaver et al., 2008). The research has arationale in that it has the potential to give tangible and
evidence-based results on the affective payback of practical laboratories to administrators and cur-
riculum creators. These findings will guide the decision to expand, alter, or transform laboratory
curricula to make the most out of them in terms of student motivation and student engagement.
Attitudesto science, not all groups of students have an equal attitude to science. Studies have shown
that the lack of positive attitudes and low self-efficacy may be especially acute with underrepre-
sented minorities and female representatives of specific physical sciences (Cheryan et al., 2017).
Practical, group and applied laboratory work has been postul ated as an effective equitable approach,
because it can offer several points of entry, de-mystify abstract knowledge, and generate a feeling
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of purpose. The research is supported by the fact that it has the potential to examine the issue of
whether well-planned labs can be used as a leveling pedagogica aid, which will influence the atti-
tudes of various demographic groups positively and make biology and chemistry seem more acces-
sible and wel coming to students of all. Although these two disciplines are usually considered as one,
biology and chemistry pose distinct perceptual challengesto students. There isacommon perception
of chemistry as abstract, mathematical, and full of invisible objects (atoms, molecules), and biology
can be regarded as overwhelming because of its large vocabulary and complicated systems. A uni-
form pedagogical approach to scienceis not likely to be adequate. The comparative design is par-
ticularly warranted by the fact that, the study will provide sophisticated data regarding the necessity
and the way of need to be used in order to overcome the attitudinal barriers that are specific to each
area of study.

1.4 Aim and Objectives

oeTo evaluate the effectiveness of inquiry-based, hands-on laboratory activities in fostering
positive student attitudes towards biology and chemistry.

1.4.1 Specific Objectives
eTo compare the effectiveness of inquiry-based, hands-on laboratory activitiesimpact against
traditional, verification-based laboratory pedagogy.

eTo quantitatively measure the immediate and longitudinal impact of the laboratory
interventions on students' overall attitudes ®To assess and compare the baseline attitudes of

students in introductory biology and chemistry courses across key dimensions, including
enjoyment, perceived value, self- efficacy, anxiety, and career interest, prior to any
structured laboratory intervention.

oTo assess and compare the baseline attitudes of students in introductory biology and chemistry
courses across key dimensions, including enjoyment, perceived value, self-efficacy, anxiety,
and career interest, prior to any structured laboratory intervention.

eTo make recommendations on integrating hands-on laboratory practices into science education
as astrategy to foster positive attitudes and improve |earning outcomes in Biology and Chem-
istry.

1.5 Resear ch Questions and Hypotheses

RQ1: Towhat extent do inquiry-based, hands-on laboratory activities impact students' attitudes to-
wards biology compared to traditional verification labs?

H1: Studentsin the biology treatment group (inquiry-based labs) will show a statistically significant
greater improvement in overall attitude scores from T1 to T2 and T3 than students in the biology
comparison group (traditional labs).

RQ2: To what extent do inquiry-based, hands-on laboratory activities impact students' attitudes to-
wards chemistry compared to traditional verification labs?

H2: Students in the chemistry treatment group (inquiry-based labs) will show a statistically signifi-
cant greater improvement in overall attitude scoresfrom T1 to T2 and T3 than students in the chem-
istry comparison group (traditional |abs).
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RQ3: Are there differential impacts of the laboratory intervention on specific dimensions of atti-
tudes (enjoyment, perceived value, self-efficacy, anxiety, career interest) within and between the
disciplines of biology and chemistry?

H3: The intervention will have its strongest positive impact on the dimensions of enjoyment and
perceived value in biology, and on self-efficacy and reduced anxiety in chemistry.

RQ4: How do students describe their experiences in the different types of laboratory activities, and
how do they perceive these experiences to influence their attitudes towards the subject?

1.6 Significance of the Study (Rationale)

The current research is important because it will give valuable information on the usefulness of
practical lab sessionsin assisting one to improve the attitude of the students to biology and chemis-
try. The results will guide practice within educational settings and curriculum developersin the de-
velopment and implementation of interesting science programs, especially in resource-limiting set-
tings. Finally, the research deliversthe overal purpose of the scientific literacy and positive attitude
toward science in young learners.

The relevance to this study liesin the fact that Biology and Chemistry are vital aspects of education
aswell as society. These are the subjects that constitute a scientific literacy and without which there
would be no professionals in health, agriculture, engineering, biotechnology and environmental
management. Although they are important, it has been evidenced that most students develop nega-
tive attitudes regarding these subjects as most of them consider being too abstract, theoretical and
not useful in real life. These attitudes lead to diminishing interest, decreased motivation, and lower
academic achievement which consequently decreases the number of students entering into the pipe-
line of studying science related courses. Knowing and dealing with the affective aspects of science
learning, then, is not only aresponsibility of education, but also a need of the society.

The practical use of the labs has been suggested as a beneficial way of enhancing the interest of the
students in science. Laboratories enable students to apply their theory to practice, experimentalize
hypotheses, and gain first-hand experience of the scientific work through providing them with an
opportunity to apply and use theory and practice simultaneously. These experiences have the poten-
tial to promote enjoyment, curiosity and perceived relevance, which are important predictors of pos-
itive attitudes. Nevertheless, in most learning ingtitutions, especially where resources are limited,
laboratory activities are either not well implemented in instruction or they are not utilized. Other
institutions choose to focus on theory teaching because of insufficient equipment, time or large clas-
ses hence limiting the students to be practically involved with the content of science. This brings
about an urgent case of researching whether or not practical laboratory experiences do have any
effect in student attitudes and in what manner.

In addition, the attitude to science is not just an auxiliary phenomenon in relation to the learning
outcome; it islinked to performance and long-term involvement directly. Students with afavorable
attitude toward Biology and Chemistry have higher chances of continuing with courses on science,
excelling in academic studies, and engaging in science related occupations. On the other hand, un-
productive attitudes may sustain the patterns of poor performance and non-commitment. With the
scientifically skilled individuals sought al over theworld in dealing with issueslike climate change,
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disease control, food security and technological innovation, it is important to find ways through
which the positive affective orientations towards science can be nurtured.

Lastly, the gap in empirical evidence exists in the local and the regional educational context. Alt-
hough research has been done on other continents and has established that the |aboratory-based
learning has a positive impact on the student attitudes, cultural, infrastructural and pedagogical dif-
ferencesimply that the results could not be generalized around the globe. The research of this nature
will not only produce evidence that was applied to the local education system but also add to the
more general discourse of effective science pedagogy. The results will offer effective information
to teachers, curriculum developers, and policy-makers on the development and implementation of
laboratory activitiesto excite, motivate, and generate healthy interests and positive attitudes towards
Biology and Chemistry.

To conclude, the study iswarranted as it will serve two purposes: to enhance the attitude of students
towards Biology and Chemistry with the help of real-life practice of the subject, and to provide the
evidence specific to the context to inform the teaching and curriculum practices. In thisway, it will
aid in enhancing the quality of science education and raising a generation of learners who are in-
clined to and seek scientific knowledge.

1.6 Delimitations

This study focused on high school students enrolled in biology and chemistry courses at High
Achievers Coach International Academy. The study was conducted over one academic semester.
The hands-on laboratory activities were aligned with the existing curriculum and feasible within the
school's resource constraints.

1.7 Limitations

The study relies on self-reported data from student surveys, which may be subject to response bias,
social desirability bias and inaccurate self-assessment. The limited sample size and specific context
of the study may restrict the generalizability of the findings to other populations and settings. Also,
the non-random assignment of participants to control and experimental groups may introduce selec-
tion bias, potentially affecting the internal validity of the study. The survey instrument's ability to
accurately measure student attitudes towards biology and chemistry may be limited, and its reliabil -
ity may be affected by factors such as student motivation or understanding of the questions. Uncon-
trolled variables, such as teacher effects, classroom environment, or prior student experiences, may
influence the outcome of the study and affect the conclusions drawn.

1.8 Operational/Contextual Definition of Terms

eHands-on laboratory activities: Student-centered activities involving direct manipulation of
materials and equipment to explore scientific concepts, conduct experiments and collect data.

eStudent attitudes: Students affective responses towards biology and chemistry, including
interest, perceived difficulty, and perceived relevance.

eTraditional instruction: Primarily lecture-based or teacher centered approach in teaching
with limited student interaction and practical activities.
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1.9 Summary

This chapter has laid the groundwork for investigating the impact of hands-on laboratory activities
on student attitudes towards biology and chemistry. It has established the research problem, formu-
lated research questions, and outlined the scope and limitations of the study.

Review of related literature

2.0 Introduction

The chapter provides a concise literature review on the research that has been done so far on the
effectiveness of hands-on laboratory studiesin the enhancement of student attitudes towards biology
and chemistry. It discusses the theoretical basis of the active learning and examines the findings of
previous researches regarding the research questions. Thereview is structured in away that it estab-
lishesthe theoretical background of the study, definesthe central construct of the scientific attitudes,
analyzes the historical and current role of the laboratory work in science education, summarizes the
empirical results of the attitude-lab relationship, helps identify gaps in the existing research, and
finaly, justifies the current work. The rationale of this chapter is to position the present study in a
larger academic discourse and show a clear appreciation of the existing body of knowledge and its
shortcomings.

2.1 Theoretical Frameworksthat underlie Laboratory L earning.

There are anumber of underpinning learning theories that forecast favorabl e affective effects to the
use of hands-on laboratories.

2.1.1 Constructivism (Piaget, 1972; Vygotsky, 1978)

Constructivistsview learning as construction through manipulation of phenomenaand reconciliation
of evidence with preconceived ideas; effective laboratory work, therefore, yields rich environment
in attitude change since it renders ideas concrete and compromiseable with others. Significant re-
views insist that labs work best combined with question-posing, data analysis, and sense-making
and not supplements. According to this theory, it is the learners who are involved in constructing
their own understanding and knowledge by experience and pondering on the experience. The best
kind of constructivist learning is hands-on laboratories, which entails the use of materials by the
students, observations, and the devel opment of mental models of biological and chemical processes.
It is hypothesized that such an active involvement helpsto create afeeling of ownership of learning
that can result in the enhancement of motivation and the devel opment of more favorable attitudes.

2.1.2 Experiential Learning (Kolb, 1984)

The experiential learning cycle (concrete experience — reflective observation — abstract concep-
tualization — active experimentation), as proposed by Kolb, predicts that repeated and structured
cycleswill lead to the development of competence and positive affect; practical labswould represent
the concrete experience/active experimentation steps, which will trigger the change of interest and
relevance. The model by Kolb takes the conceptualization of learning in the form of a cycle com-
prising of concrete experience, reflective observation, abstract conceptualization, and active exper-
imentation. Laboratory work offers the much needed concrete experience on which the whole learn-
ing process is based. Attitude can be positively influenced by a positive and successful concrete
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experience in the lab that makes the next abstract concepts in lectures (e.g., chemical equilibrium,
cellular respiration) more valuable and |ess threatening.

2.1.3 Self-Determination Theory (SDT).

SDT assumes that experiences of autonomy, competence, and relatedness increase the intrinsic mo-
tivation and positive attitudes. Challenges with feedback (competence), collaboration (rel atedness),
and labs that offer choice in questions/methods (autonomy) should consequently enhance attitudes.

2.1.4 Expectancy—Value Theory (EVT).
EVT postulates that both expectancies of success and task value of students

(interest/utility/importance) are equally predictive of engagement and persistence. L abs demonstrat-
ing utility (i.e. real biological/chemical uses) could be used to reinforce both value and expectancy
-moving attitudes in the positive direction.

Collaborative Learning and 2.1.5 Social L earning Theory (Bandura, 1977).

Laboratories are social settings. In his theory, Bandura highlights the aspects of learning through
observation and contact with other people. Social group work in alaboratory can foster afeeling of
community, help peers to reinforce positive behaviors and attitudes, and develop self-efficacy via
the collective problem-solving. The positive socia experiences at the lab can be transferred directly
to amore positive attitude towards the subject itself.

Flow Theory (Csikszentmihalyi, 1990) 2.1.6 Flow Theory (Csikszentmihalyi, 1990)

Carefully planned laboratory activities have the potential of placing a person in aflow avery much
focused mental state in which oneisin full immersion and engrossed in an activity. When the chal-
lenges of an activity are well-scaled to the abilities of a student as can be done in the case of differ-
entiated instruction in laboratories, the process of flow was very pleasant and internally-driven to a
point that it leaves the strongest impact on attitudes.

In science education, attitudes are defined and measured by the researcher.

Attitude as a construct is multidimensional. In the work being discussed, it is operationalized as an
acquired inclination to act in an equally positive or negative way of dealing with science (Ajzen,
2001). The important dimensions to be measured usualy involve:

. Pleasure in Science: The emotion of joy and gratification in doing a science.

. Perceived Value of science: Perception that scienceis practical, that it applies to personal
life, and is of importance to society.

+Self-Concept/ Self-Efficacy in Science: The belief in personal capability to complete and succeed
in scientific tasks.

The third problem: Science anxiety: Tension, nervousness and fear with learning science.
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Career Interest: Desires afuture career in ascience related area.

Validated instruments such as the Test of Science-Related Attitudes (TOSRA) (Fraser, 1981) and
Colorado Learning Attitudes about Science Survey (CLASS) (Adams et a., 2006) are validated
instruments and offer a sound framework to assess these dimensions than mere satisfying surveys.

2.3 The History and Development of L aboratory Work on Science Teaching.

Since the late 19th century the laboratory has been a part of science education, however the ex-
pressed functions have changed (Hofstein & Lunetta, 2004).

Traditional Verification labs: In the past, it was common to have labs where principles taught in
lectures were verified. These cookbook exercises, in which students are given detailed instructions
in order to acquire afamiliar product are held in contempt as being passive and having little or no
effect in helping the students to gain conceptual insight and positive attitudes.

Inquiry-Based and Discovery Learning: Published by Bruner (1961) and others, the emphasis was
placed on the labs where students were invited to participate in the discovery process. Degrees of
inquiry include confirmation, structured, guided, and open inquiry, with the students becoming more
and more autonomous in coming up with questions, designing processes and constructing explana-
tions.

» Argument-Driven Inquiry (ADI) and Science Practices The most modern concept, consistent
with standards such asthe Next Generation Science Standards (NGSS L ead States, 2013), puts
the lab as a context in which students participate in the real-life activities of scientists. This
involves the creation and utilization of models, examination, and analysis of data, creation of
explanations, and argument from evidence. It istheorized that using this approach will render
lab work more meaningful and therefore have a more positive effect on attitudes.

2.4 Empirical Investigations of laboratories and student attitudes: a mixed picture.

Empirical studies on the effect of |abs on attitudes show conflicting results, which underlines how
complicated therelationship is.

» Research Showing Beneficia Effects. There are many studies that have shown that properly
designed, inquiry-driven labs can result in asignificant positive change in student attitudes, in
such aspects as enjoyment, perceived relevance, and lower anxiety (Saunders and Welsh,
2021; Wolf, 2019). In these studies, success typically goes to such factors as greater student
autonomy, real-life connections, and joint problem solving.

» Research with Null or Negative Effects. Other literature resultsin no change or areduction in
attitudes after laboratory experiences (Bennett, 2019). They are commonly attributed to the
inclusion of poorly executed labswherein thereisa"recipe-following" process, time pressure,
the fear of failure (e.g., breaking glassware), assessment anxiety, and a willingness to obtain
the correct answer but not to learn something in the process.

Discipline-Specific Nuances: There are some indicators that the effect might be different in biology
and chemistry. The anxiety can beincreased in chemistry laboratories, where more abstract concepts
and exact quantitative measurements are involved and not supported (Edwards, 2020). Biology |abs
have the edge of providing relevance perceptions easier because of their attachment to living sys-
tems, although thisis not always the case.
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2.5 Moderating and Mediating Variables.

Literature has shown that the association existing between lab work and attitude is not that direct
and is manipulated by a number of key variables:

» Pedagogical Design: It is the most important moderator. It is possible to consistently find posi-
tive affective results in inquiry-based, open-ended |abs as compared to traditional verification
labs.

Teacher/Facilitator Role: It isimportant that the teacher is able to establish an environment that is
conducive to learning, that he poses probing questions, and that he makes one feel like a growth
mindset (Dweck, 2006). A teacher who dwells on the right answers may demoralize students
whereas one who appreciates the investigative process may instill self-efficacy.

Student Demographics: A student can mediate his/her experience and reaction to alaboratory activ-
ity based on the attitude, experience, gender, and cultural background.

. Assessment Methods: When |abs are evaluated based on accuracy of resultsthen itis
to encourage anxiety. Attitudes can be improved by relocating evaluation to a more reasoning,
group-oriented and communicative approach (e.g. using lab notebooks, presentations).

2.6 Student Interest and Engagement in Science.

The relationships between practical activities and student involvement in science have been studied
many times (e.g., Freedman, 1997; Hofstein and Lunetta, 2004). These researches tend to point to
the motivating aspect of active learning, implying that practical activities can encourage curiosity,
raise pleasure, and enhance individuals to understand scientific material better. Nonetheless, the
particular effect on the interest in biology and chemistry, in comparison with interest in general
science, has not been as thoroughly studied. A few studies have suggested that the manner of prac-
tical activity isimportant; the basic demonstrations might not be as efficient as inquiry-based labs
where the students can plan the experiment and compare the data (National Research Council, 2005).
Thiswould imply that such studies that analyze the nature of practical activities that best encourage
interest in particular fields of science are necessary.

2.7 Science-related per ceived difficulty and self-efficacy.

Perceived difficulty of the subjects of science can be avery serious impediment to student learning
and positive attitudes. Other studies have proposed that practical tasks would be used to alleviate
this perceived difficulty by making abstract concepts tangible and familiar (Millar, 2004). Students
can gain a better understanding of more complicated concepts and feel more confident about their
skills to comprehend them through active interaction with materials and personal experience of the
phenomenon. Nevertheless, further studies, which specifically included the correlation between
practical activities and perceived challenge in biology and chemistry, are required. One should also
take into account the way design and implementation of |ab activities can help to make lab activities
more effective in perceived difficulty reduction. As a case in point, bad layouts of laboratories or
insufficient teacher assistance might actually make the students more frustrated and contribute to
their negative impressions.
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2.8 Applicability and Practical Uses of Science.

Relating science knowledge to practical useis essential in creating interest and motivation among
students. Practical laboratory learning offers the students the chance to observe the practical applica-
bility of the science conceptsin rea life situation (Bennett, L ubben, and Hogarth, 2007).

This is able to add to their knowledge about the relationship science has with their lives and their
future professions. Nevertheless, the studies on this topic are rather broad and do not focus on biol-
ogy and chemistry. Further studies are required in the ways in which the various forms of hands-on
activities can help prove the applicability of these fields to any career path, as well as to societal
issues and problems. Moreover, one of the issues they need to explore is how the background
knowledge and preconceptions that students have towards science have affected their attitudesto its
relevance despite the incorporation of practical activities.

2.9 Literature Gaps and Rationale of the current resear ch.
Thisreview shows that there are a number of important gaps to be filled in this dissertation:

Absenceof Longitudinal Data: Pre- and post-intervention period measures of attitudes are performed
in most studiesin a short time frame. Research is needed to examine sustainability of the attitudinal
changes on afull term of academic studies or more.

Lack of Comparison Across Disciplines: Thereare not many studiesthat directly and simultaneously
relate the effect of similar lab interventions on attitudes in both biology and chemistry within the
same student population, and control by instructor and institutional differences.

Require Subtle Analysis. In most studies, the concept of attitude is viewed as being a unit. The
research based on the validated measures of the individual dimensions (e.g., distinguishing between
anxiety and career interest) hasto be conducted to offer a more refined perspective on the impact of
labs on various facets of attitude.

Contextual Specificity: Lab pedagogy is very dependent on context. Further studies should be con-
ducted on certain ingtitutional and curricular contexts to give practical results to the teachers.

2.10 Chapter Summary

The literature establishes a strong theoretical premise for the potential of hands-on laboratories to
positively influence student attitudes towards science. The literature review highlights the potential
of hands-on activities to enhance student engagement, reduce perceived difficulty, and increase the
perceived relevance of science. However, empirical evidence is mixed, indicating that the outcome
ishighly dependent on the design, implementation, and context of the |aboratory experience. A clear
need exists for rigorous, longitudinal, and multi-dimensional research that moves beyond asking if
|abs affect attitudes to understanding how, under what conditions, and for how long they do so, with
specific attention to the disciplines of biology and chemistry. This dissertation seeks to fill these
identified gaps by providing adetailed empirical investigation into this critical relationship, thereby
contributing valuable insights to the science education community.
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M ethodol ogy

3.0 Introduction
The research approach used to study how hands-on lab activities influence pupils' attitudes toward

biology and chemistry is described in this chapter. It describes the study's design, context and

participants, the instruments used to collect data, the processes for executing the intervention and
gathering data, and the methods for data analysis. The main aim of this chapter isto offer athorough
and demanding strategy guaranteeing the validity, reliability, and moral behavior of the research.

3.1 Resear ch approach

The study used a quasi-experimental, mixed-methods, longitudinal design with a comparative com-
ponent across two fields (Shadish, Cook, & Campbell, 2002), because the current school framework
makes it not practical to randomly assign kids to control and experimental groups, this design is
selected. The experimental group was a standard, lecture-based training combined with a series of
hands-on lab activities; the control group got the same traditional instruction. While accepting the
possible drawbacks of non-random assignment, this structure enables a comparison of student atti-
tudes between two groups.

* Quasi-Experimental: Intact classes were utilized; therefore, it was not practical to randomly as-
sign individual students to groups. But to reduce prejudice, lessons were designated to either
the Treatment or Comparison group to the maximum extent feasible.

The study utilized aQUAN (qual) model (Creswell & Plano Clark, 2017), whereby quantitative data
(from surveys) takes precedence and is supplemented by qualitative data (from interviews and open-
ended responses) to offer a more profound, nuanced interpretation of the numerical findings.

Longitudinal: Data on student attitudes was collected at three time points throughout a full aca-
demic term to track the evolution and sustainability of any attitudinal changes:

e Timel(T1): Pretest (Week 1), before any laboratory intervention.
e Time2(T2): Post-test 1 (Week 8), immediately following the series of intervention labs.

e Time 3 (T3): Post-test 2 (Week 16, end of semester), to measure long-term retention of
attitudes.

eComparative: The design alows for a comparison of outcomes between the two subject
areas. Biology and Chemistry.

3.2 Population and Sample

The target population comprised all high school students (form 3-6) doing biology and chemistry at
High Achievers Coach International Academy. The estimated population sizeis 240. A convenience
sample of approximately 100 students was sel ected from accessible classes within

High Achievers Coach International Academy. The sample aimed for equal representation in both
the control and experimental groups. While a random sample would be ideal, the practical con-
straints of school scheduling and access necessitate the use of a convenience sample.
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3.3 Sample & Sampling Technique
A cluster sampling technique was used. Four intact course sections were selected for each discipline
(Biology and Chemistry), for atotal of eight sections.

1. Biology Treatment Group (n = 60): 1 section of General Biology I lab using inquiry-
based design.

2. Biology Comparison Group (n =~ 60): 1 section of General Biology | lab using traditional
verification design.

3. Chemistry Treatment Group (n = 60): 1 section of General Chemistry I lab using
inquiry-based design.

4. Chemistry Comparison Group (n = 60): 1 section of General Chemistry I lab using
traditional verification design.

Total Expected Sample: N = 240 students.

Instructor Consistency: To control for instructor effect, the same instructor taught both the treat-
ment and comparison sections for each discipline (e.g., one instructor teaches both bio sections,
another teaches both chem sections). Instructors were trained on the specific protocols for their as-
signed lab type.

3.4 Resear ch I nstruments

A pre- and post-intervention survey instrument was used to collect data on student attitudes towards
biology and chemistry. The survey consisted of Likert-scale items (e.g., strongly agree to strongly
disagree) assessing three key dimensions of student attitudes:

einterest: Items will gauge students level of curiosity and enjoyment in biology and
chemistry. (e.g., "l find biology/chemistry interesting.")
ePerceived Difficulty: Items will assess students perceptions of how challenging they find
the subject matter. (e.g., "I find biology/chemistry difficult to understand.") ePerceived
Relevance: Itemswill explore students' views on the connection between  biology/chemis-
try and their lives and future careers. (e.g., "Learning biology/chemistry is important ~ for
my future.")

The survey was developed based on existing validated scales measuring attitudes towards science
(eg., Test of Science Related Attitudes - TOSRA, Fraser, 2015), adapted to specifically address
biology and chemistry. A pilot study was conducted with asmall group of students not participating
in the main study to assess the reliability and validity of the adapted survey instrument. Data was
collected using two primary instruments and one supplementary qualitative protocol.

3.4.1. Quantitative Instrument: Science Attitude Assessment

eTool: A modified version of the Test of Science-Related Attitudes (TOSRA) (Fraser, 1981)
was used. It isawell-validated and reliable Likert-scale instrument.

eModifications: The original TOSRA was slightly adapted to:
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e Make language specific to biology for the biology sections and chemistry for the chemistry
sections.

e Ensureitems are appropriate for the undergraduate level.

eSubscales Measured: The survey measured the five key dimensions of attitude, each
represented by multiple items:

e Enjoyment of Science (e.g., "l enjoy doing science experiments")

e Perceived Value of Science (e.g., "Learning scienceis useful for my daily life")

e Sdf-Efficacy in Science (e.g., "I am confident | can do well on sciencelab assignments")
e Anxiety towards Science (e.g., " Science labs make me nervous'; reverse-scored)

e Career Interest in Science (e.g., "l would consider a career in ascience field")

eReliability and Validity: A pilot test (n=20 students not in the study) was conducted to confirm
the internal consistency (Cronbach's alpha > .70 for each subscale) and construct validity of
the modified instrument.

3.4.2. Qualitative Instrument: Semi-Structured Interviews
ePurpose: To provide rich, explanatory data for the quantitative results.

eSample: A purposive sample of 12-16 students (3-4 from each of the four class sections)
was selected to represent arange of pre-test attitude scores (high, medium, low).

eProtocol: A semi-structured interview protocol was developed with open-ended questions,
such as:

e "Can you describe a memorable moment from your lab sessions this semester?”
e "How did the way the labs were structured make you feel about

e [Biology/Chemistry]?'

¢ "Did thelabs change your confidence in your ability to do science? How?"

e "Towhat extent did the labs feel relevant to you?'

eProcedure; Interviews were conducted after T3, audio-recorded, and transcribed verbatim.
Each interview lasted approximately 20-30 minutes.

3.5 Laboratory Intervention: Treatment vs. Comparison
The independent variable is the type of laboratory pedagogy.

Treatment Condition (Inquiry-Based):
Design: Labsfollowed a Guided Inquiry model.

Structure: Students are presented with a research question or problem. They work in small groups
to formulate a hypothesis, design a procedure (from aprovided set of materials), collect and analyze
data, and construct an evidence-based conclusion. The instructor acts as afacilitator.
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Chemistry

Instead of verifying the law of conservation of mass with a prescribed reaction, students are asked:
"How can we design an experiment to prove that mass is conserved in a chemical reaction?' They
choose from avail able chemicals and equipment.

Biology: Instead of observing pre-made slides of mitosis, students are asked: "How can we deter-
mine which phase of the cell cycle onion root tip cells spend the most time in?' They prepare slides,
collect data, and perform statistical analysis.

3.5 Comparison Condition (Traditional Verification): Design: Labswill follow an Expository
or "Cookbook" model.

Structure: Students are given a detailed, step-by-step procedure with the expected outcome known

in advance. Their goal isto follow the instructions precisely to confirm a principle taught in lecture.

Chemistry: "Follow the procedure on page 45 to react magnesium with hydrochloric acid. Measure
the mass before and after to verify the law of conservation of mass."

Biology: "Follow the instructions to create a wet mount of an onion root tip. Observe the provided
pre-made slides and identify the four stages of mitosis on the worksheet.”

Fidelity of Implementation: To ensure the intervention is delivered asintended, the following was
implemented:

Teacher Training: A detailed workshop was held for the instructors.
Lab Manuals: Separate, detailed manuals was created for the treatment and comparison labs.

Observation Checklist: The researcher conducted periodic observations using a checklist to con-
firm adherence to the pedagogical model (e.g., for inquiry: "Instructor posed a question,” " Students
designed procedure”).

3.6 Data Collection Procedure

1.Week 1(T1): All participants completed the pre-test (TOSRA) online viathe university'sLMS
during the first lab session. Informed consent was obtained electronically prior to the survey.

2.Weeks 2-7. The laboratory intervention was implemented. Both treatment and comparison
groups will cover the same core topics (e.g., enzymesin biology; reaction types in chemistry)
but with the different pedagogica approaches.

3Week 8 (T2): Immediately after the final intervention lab, al participants will complete
the post-test (TOSRA) online.

4.Weeks 9-15: Regular lab sessions continue according to the assigned pedagogy .

5Week 16 (T3): In the fina lab session, all participants completed the final post-test
(TOSRA) online.

6.Final Exam Week: Purposively selected students participated in one-on-one interviews.

1.0Obtain necessary permissions: Informed consent was obtained from students and their par-
ents/guardians prior to participation. Approva was sought from the school authorities, admin-
istration and any relevant institutional review boards.
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2.Administer pre-intervention survey: The survey was administered to both the control and
experimental groups before the implementation of the hands-on laboratory activities.
Online survey platforms, such as Google Forms or Qualtrics, can also be used to facilitate data col-
lection.

3.Implement hands-on labor atory activities: The experimental group participated in a series of
3 hands-on laboratory activities integrated into their regular biology and chemistry lessons.
These activities were designed to be inquiry-based and aligned with the learning objectives of
the curriculum.
4. Administer post-intervention survey: After the completion of the hands-on laboratory
activities, the same survey was administered to both groups again.

5.Data management: All collected data was anonymized and stored securely.

The estimated time for data collection, including pre- and post-intervention surveys, is approxi-
mately 4 weeks.

3.7 Data Analysis Plan
Quantitative data from the surveys was analyzed using the following statistical methods:

ePaired-samples t-tests: These tests were used to compare pre- and post-intervention scores
within each group (control and experimental) to determine if there are significant changesin
student attitudes within each group over time.

el ndependent-samples t-tests: These tests were used to compare the change in scores (post-
intervention score minus pre-intervention score) between the control and experimental groups
to assess the impact of the hands-on laboratory activities on student attitudes.

The null hypotheses for the independent-samples t-tests was that there is no significant difference
in the change in student attitudes (interest, perceived difficulty, and perceived relevance) between
the control and experimental groups.

Datawas presented in tables and graphsto visually represent the findings. Effect sizeswas cal cul ated
to determine the practical significance of any observed differences. Descriptive statistics (means,
standard deviations) will aso be reported for each group.

3.7.1 Quantitative Data Analysis:
Descriptive Statistics: Means, standard deviations, and frequencies was calculated for al subscales
at T1, T2, and T3 for each of the four groups.

Inferential Statistics

Assumption Testing: Datawas checked for normality (Shapiro-Wilk test) and homogeneity of var-
iance (Levene'stest).

Primary Analysis:

A Mixed-Model Analysisof Variance (ANOV A) was conducted. The within-subjectsfactor isTime
(T2, T2, T3). The between-subjects factors are Group (Treatment vs. Comparison) and Discipline
(Biology vs. Chemistry). This will allow for testing interactions (e.g., does the effect of Time on
attitude depend on Group?).

Journal for Science, Technology, Engineering and Mathematics Education in Africa (JSTEMEA) - Volume 1, Number 1, January 2026



Munashe Chakamanga, Tanya Dzinemarira and Tonderai Rusere

Follow-up Tests: If significant interactions are found, post-hoc tests (e.g., Bonferroni) was used to
identify specific differences between time points and groups.

Subscale Analysis. Separate Mixed-Model ANOV As was run for each attitude subscale (e.g., En-
joyment, Anxiety) to address RQ3.

Softwar e: All quantitative analyses was performed using IBM SPSS Statistics (Version 28).

3.7.2 Qualitative Data Analysis:

Transcripts was analyzed using Thematic Analysis following the six-phase process outlined by
Braun and Clarke (2006): (1) familiarizing with data, (2) generating initial codes, (3) searching for
themes, (4) reviewing themes, (5) defining and naming themes, (6) producing the report.

Softwar e: NVivo software was used to assist in managing and coding the textual data.

I ntegration: The emergent themes was used to explain, illustrate, and contextualize the quantitative
findings. For example, if quantitative data shows a significant increase in self-efficacy for the chem-
istry treatment group, interview quotes describing moments of successful problem-solving was used
to exemplify this finding.

3.8 Ethical Considerations

elngtitutional Review Board (IRB): Full approva was obtained from the university's IRB
before any data collection begins.

eI nformed Consent: Participants received a detailed information sheet and provide digital con-
sent. They were informed that participation is voluntary and that they can withdraw at any
time without penalty.

eConfidentiality: All data was anonymized. Participants was assigned a unique code; names
and other identifiers was stored separately from the data in a password-protected file.

eMinimizing Risk: The study poses minimal risk. To avoid disadvantaging the comparison
group, the inquiry-based lab curriculum and materials was shared with the comparison group
instructors for use in subsequent semesters.

eDebriefing: All participants was debriefed at the end of the study regarding its purpose and
hypotheses.

DATA PRESENTATION, ANALYSISAND DISCUSSION

4.0 Introduction

This chapter presents the findings of the study investigating the impact of inquiry-based, hands-on
|aboratory activities on student attitudes towards Biology and Chemistry. Data were analysed using
descriptive statistics, inferential statistics, and graphical trend analyses. Results are organized by
attitudinal subscales—Enjoyment, Perceived Value, Self-Efficacy, Anxiety, and Career Interest—
to provide a thematic understanding of how attitudes changed over time and how instructional
method (inquiry vs. traditional) influenced student perceptions.

Each subscal e section includes tables and figures summarising the findings. Following each table or
diagram, an interpretive narrative explains the observed trends, comparative differences between
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treatment and comparison groups, and the educational significance of these patterns. Statistical anal-
yses support and extend these interpretations, showing where differences were significant and mean-
ingful.

RQ1: Towhat extent do inquiry-based, hands-on laboratory activities impact students' attitudes to-
wards biology compared to traditional verification labs?

4.1 Presentation and Analysis of Findings

4.1.1 Enjoyment

Table 4.1: Biology Treatment Group (Inquiry-Based) Attitude Scor es (n=60)
Subscale T1Mean (SD) T2 Mean (SD) T3 Mean (SD)
Enjoyment 3.01 (0.48) 3.62 (0.45) 4.08 (0.41)
Perceived Value 3.11 (0.55) 3.67 (0.51) 4.02 (0.46)
Self-Efficacy 2.85 (0.60) 3.45 (0.54) 3.92 (0.47)
Anxiety (reverse) 2.60 (0.71) 3.21 (0.65) 3.60 (0.59)
Career Interest 3.00 (0.64) 3.48 (0.59) 3.88 (0.56)

The Biology treatment group displayed a substantial increase in enjoyment from T1 (3.01) to T3
(4.08). This upward trajectory suggests that inquiry-based laboratory experiences progressively en-
gaged students and enhanced their interest in biology. The steady growth acrosstime pointsindicates
not only a positive affective response but also sustained motivation. Students were likely positively
influenced by hands-on opportunities, collaborative work, and interactive scientific exploration,
which stimulated curiosity and enjoyment.

RQ2: Towhat extent do inquiry-based, hands-on laboratory activities impact students' attitudes to-
wards chemistry compared to traditional verification labs?

Table 4.2: Biology Comparison Group (Traditional) Attitude Scor es (n=60)

Subscale T1Mean (SD) T2 Mean (SD) T3 Mean (SD)
Enjoyment 3.04 (0.52) 3.12 (0.49) 3.18 (0.48)

Subscale T1Mean (SD) T2 Mean (SD) T3 Mean (SD)
Per ceived Value 3.13 319 (055)  3.25(0.52)
Self-Effi- 2.90(0.63) 2.95(0.60)  3.03(0.59)
Anxiety 2.63(0.75) 265(0.72)  2.70(0.70)
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Career Interest 3.02(0.66) 3.07(0.63)  3.10(0.62)

The Biology comparison group showed only modest changesin enjoyment (3.04 to 3.18). Thisdlight
increase suggests that traditional laboratory instruction had minimal effect on student interest. The
near-flat trend reflects limited engagement, possibly because traditional labs emphasise teacher-di-
rected procedures and predetermined outcomes, offering fewer opportunities for student autonomy
or discovery. Compared to the treatment group, the differenceis clearly substantial.

RQ3: Are there differential impacts of the laboratory intervention on specific dimensions of atti-
tudes (enjoyment, perceived value, self-efficacy, anxiety, career interest) within and between the
disciplines of biology and chemistry?

Table 4.3: Chemistry Treatment Group (Inquiry-Based) Attitude Scor es (n=60)

Subscale T1Mean (SD) T2 Mean (SD) T3 Mean (SD)

Enjoyment 2.70 (0.58) 3.30 (0.53) 3.78 (0.49)
Perceived Value 2.90 (0.54) 3.41 (0.50) 3.81 (0.46)
Self-Efficacy 2.60 (0.66) 3.20(0.61) 3.65 (0.57)
Anxiety 2.40 (0.70) 2.95 (0.67) 3.32(0.63)
Career Interest 2.75 (0.60) 3.25 (0.56) 3.60 (0.55)

Chemistry students in the treatment group demonstrated significant improvements in enjoyment,
increasing from a relatively low baseline (2.70) to 3.78 at T3. This strong upward trend suggests
that inquiry-based learning is particularly effective for subjects perceived as challenging. The grad-
ua and consistent increase suggests that hands-on exploration made abstract chemical concepts
more accessible and engaging.

Table 4.4: Chemistry Comparison Group (Traditional) Attitude Scor es (n=60)

Subscale T1Mean (SD) T2 Mean (SD) T3 Mean (SD)

Enjoyment 2.72 (0.55) 2.80 (0.53) 2.86 (0.50)
Perceived Value 2.92 (0.51) 2.97 (0.48) 3.02 (0.47)
Self-Efficacy 2.62 (0.63) 2.68 (0.60) 2.73(0.58)
Anxiety 2.42 (0.72) 2.45 (0.70) 2.50 (0.68)
Career Interest 2.76 (0.59) 2.80 (0.58) 2.83 (0.56)

The comparison group experienced only minor improvement (2.72 to 2.86), suggesting that tradi-
tiona laboratory instruction did not effectively engage students. This minimal change may reflect
continued anxiety or lack of connection to the subject, which often characterises traditional chemis-
try laboratory experiences.
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Figure4.1a and b. Enjoyment Graph for Biology and Chemistry Treatment Vs Comparison Groups

Biology: Enjoyment Over Time
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The graphical representation clearly shows diverging lines: treatment groups increase steeply over
time, whereas comparison groups remain amost flat. Thiswidening gap indicates that inquiry-based
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|aboratories significantly enhance enjoyment compared to traditional methods. The patterns confirm
that the mode of instruction—not merely time—determines the overall trajectory of enjoyment.

4.1.2 Perceived Value

Group Subject T1Mean T2Mean T3 Mean

Treatment Biology 3.00 3.48 3.88
Comparison Biology 3.02 3.07 3.10
Treatment Chemistry 2.75 3.25 3.60
Comparison Chemistry 2.76 2.80 2.83

Perceived value increased strongly in the treatment group (3.11—4.02). Students increasingly rec-
ognised biology as meaningful and relevant to real-world examples. Inquiry-based learning likely
hel ped them connect theoretical concepts to practical application, thus increasing perceived useful-
ness. Theincrease in perceived value for the comparison group was minimal (3.13—3.25). Without
the autonomy and exploratory elements of inquiry-based labs, students likely found fewer opportu-
nities to link biology concepts to personal or practical significance. Chemistry treatment students
showed substantial increases (2.90—3.81). This reinforces the idea that inquiry-based labs make
abstract concepts concrete and demonstrate their real -life relevance. By designing or modifying their
own procedures, students experience chemistry as a purposeful activity. Only marginal gains were
observed (2.92—3.02), again highlighting the limitations of traditional laboratory formats in pro-
moting deeper appreciation of the subject.
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Figure 4.2a shows chemistry perceived value graph over time.

Figure 4.2b shows chemistry perceived value graph over time.
The treatment groups show strong upward slopes, while comparison groups show slight upward or
nearly flat trends. This reinforces that inquiry-based labs greatly increase students’ recognition of

the importance and relevance of science.

Journal for Science, Technology, Engineering and Mathematics Education in Africa (JSTEMEA) - Volume 1, Number 1, January 2026 149



Munashe Chakamanga, Tanya Dzinemarira and Tonderai Rusere

4.1.3 Self-Efficacy
Biology treatment students improved substantially (2.85—3.92), indicating growing

confidence in conducting biological experiments. Inquiry labs gave students multiple

opportunities to problem-solve and take responsibility for their learning, which strengthened

Group Subject T1Mean T2Mean T3 Mean

Treatment Biology 2.85 3.45 3.92
Comparison Biology 2.90 2.95 3.03
Treatment Chemistry 2.60 3.20 3.65
Comparison Chemistry 2.62 2.68 2.73

their perceived competence. The comparison group saw only minimal improvement (2.90—3.03).
Traditional labs may not adequately challenge students or support the development of independent
academic confidence, as tasks remain largely procedura rather than exploratory. Chemistry treat-
ment students showed significant increases (2.60—3.65), reflecting increased confidence in navi-
gating laboratory tasks traditionally considered demanding. Inquiry-based instruction demystified
chemistry by offering structured but flexible guidance. The comparison group saw very limited im-
provement (2.62—2.73), highlighting that traditional |abs provide fewer opportunities for students
to devel op confidence independently.

Biology: Self-Efficacy Over Time
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Figure 4.3a shows biology self-efficacy graph over time.
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Figure 4.3b shows chemistry self-efficacy graph over time.
Thelines for treatment groups show steep upward trends, indicating strong confidence
development over time. Comparison groups show slow or negligible growth, providing strong
visual evidence that inquiry learning significantly enhances self-efficacy.
RQ4: How do students describe their experiences in the different types of laboratory activities, and

how do they perceive these experiences to influence their attitudes towards the subject?

4.1.4 Anxiety

Group Subject T1Mean T2Mean T3 Mean
Treatment  Biology 2.60 3.21 3.60
Comparison Biology  2.63 2.65 2.70
Treatment Chemistry 2.40 2.95 3.32

Group Subject T1Mean T2 Mean T3 Mean

Comparison Chemistry 2.42 245 250

Biology treatment students' anxiety levels reduced substantially (2.60—3.60). This suggests that
inquiry labs created a safe and supportive learning environment, giving students time and space to
understand procedures, collaborate, and learn through trial and error. Minimal change occurred
(2.63—2.70). Traditional instruction may maintain a high-pressure laboratory environment, leaving
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anxiety levelslargely unchanged. Chemistry treatment students showed strong reductionsin anxiety
(2.40—3.32). Because chemistry is often intimidating, inquiry-based instruction may have been par-
ticularly effective in making the subject feel less threatening. Again, minimal change occurred
(2.42—2.50), reinforcing that the traditional approach is not effective for reducing student appre-
hension.

Figure 4.4a shows biology anxiety graph over time.

Figure 4.4b. shows chemistry anxiety graph over time.
Treatment group lines increase sharply, showing reduced anxiety. Comparison groups remain
relatively flat. This demonstrates visually that inquiry-based instruction is far more effectivein

lowering science-related anxiety.
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4.1.5 Career Interest

Group Subject T1Mean T2Mean T3 Mean

Treatment Biology 3.00 3.48 3.88
Comparison Biology 3.02 3.07 3.10
Treatment Chemistry 2.75 3.25 3.60
Comparison Chemistry 2.76 2.80 2.83

Career interest increased meaningfully (3.00—3.88). Inquiry-based labs likely inspired students

by giving them asense of real scientific engagement and hel ping them imagine themsel ves pursuing
science careers. Small gains were observed (3.02—3.10), showing that traditional labs have limited
influence on long-term motivation. The treatment group increased substantially (2.75—3.60). Prac-
tical, inquiry-based chemistry may have helped students see chemistry as an exciting and rewarding
field. Minimal improvement (2.76—2.83) suggests traditional methods do not strongly inspire in-
terest in future study or career paths.

Figure 4.5a shows biology career interest graph over time.
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Figure 4.5b shows chemistry career interest graph over time.

Again, treatment groups show steep increases, while comparison groups remain nearly flat. This
highlights the motivational potential of inquiry-based instruction in shaping career aspirations.

4.2 Discussion

The results of the present research are good indicators that investigational laboratory activities con-
tribute positively to the attitude of students to Biology and Chemistry. In al the five attitudinal
dimensions, including enjoyment, perceived value, self-efficacy, anxiety reduction, and career in-
terest, the treatment groups showed significant improvement over the traditional laboratory coun-
terparts. These are just some of the results that validate a large body of literature that underscores
the motivational and conceptual advantages of active, student-centred |aboratory teaching.

There is asubstantial growth in fun among the treatment groups that are in support of research that
inquiry-based classrooms help arouse curiosity, interest, and engagement with learning science
(Yeung et a., 2011). Inquiry activities engage the learners in the process of areal science process,
making them ask questions, take notes, and create meaning. In their argument, Mathias (2014) states
that active learning methods enhance a higher level of cognitive engagement leading to increased
enjoyment as learners will feel that they are more involved in the learning process. The small gains
in the traditional groups, however, point to the fact that structured laboratory activities are insuffi-
cient to make enjoyment, which is evidence that procedural, teacher directed experiments are less
effective in creating enthusiasm.

Perceived value was aso very much facilitated in the inquiry based groups which means that the
students were becoming more aware of the applicability and practical use of scientific concepts.
Thisis in line with the findings by Ura (2016) that guided-inquiry laboratory experiences assist
students to learn how science is related to their everyday life, and future career. Hands-on and ex-
ploratory instruction makes the difference so that the students can internalise the concepts and see
science as meaningful. In the same manner, Cleveland, Olimpo and DeChenne-Peters (2017) dis-
covered that active learning techniques in introductory biology courses enhanced student attitude
and conceptual knowledge since it promoted a feeling of ownership of the learning process and
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cultivated a sense of purpose. The small differences observed in comparison groups indicate that the
conventional methodsin the laboratory might not be sufficient to contextualise the scientific content.

The positive gains observed among the treatment groups in self-efficacy were found to be strong
and this confirmed the already established linkage between active learning environment and in-
creased confidence in the ability to perform laboratory tasks. Narueponjirakoon and Eamoraphan
(2018) dso found that the level of self-efficacy was higher among students who were introduced to
inquiry-based chemistry |aboratories compared to students who were introduced to traditional ones.
The methods of inquiry offer arepeat experience to engage in genuine work, to collaborate, and to
learn by trial and error which are some of the most important motivators of self-efficacy. Vishnumo-
lakala et al. (2017) also argue that students acquire competence and self-confidence upon active
working on scientific problems that support the high gainsin this study. In the comparison groups,
in turn, the improvements were not much, which supports the ideathat the teacher-guided |aboratory
activitiesdo not contribute to confidence-building to the full extent since students are not so engaged
in decision-making and independent problem-solving.

Other prominent findings were anxiety reduction. The students of chemistry, especially, demon-
strated significant reduction of anxiety in the treatment group. This is consistent with Ural (2016)
who established that inquiry-based laboratory teaching methods improve anxiety levels by creating
apositive, supportive, and student-focused learning atmosphere. Moreover, Drey (2019) discovered
that activelearning exercises, including STEM camps and hands-on interventions, have adecreasing
effect on student anxiety and boost motivation since they create a positive environment where errors
are considered normal as a way of learning. Similar results were noted by Hammill (2010) who
found that student apprehension in veterinary anatomy labs decreased when they were taught with
the focus on hands-on exploration, but not on procedural accuracy. Comparatively, the conventional
groups used in the current study recorded nearly no decrease in anxiety implying that standard la-
boratory designs could possibly continue or even enhance the fear of failure.

The treatment groups also showed an impressive rise in the interest towards the career, which sug-
gests that inquiry-based laboratories can have an impact on long-term goals. The exposure to real
scientific research would aid studentsto devel op positive attitudes towards scientific subjects, which
would further raise their chances of thinking about employment in the field of science. According
to Drey (2019), immersive STEM also increased student motivation and desire to continue on an
academic and professional career trajectory related to science. Inquiry based settings seem to estab-
lish a home warmer atmosphere of inspiration that allows the students to project themselvesinto a
scientific position. The fact that the small gains were observed in comparison groups supports the
notion that the traditional laboratory set-ups are not capable of stimulating the same degree of inspi-
ration or engagement required to impact career intentions.

These interpretations are supported by the mixed ANOVA findings which show that there are sig-
nificant interaction effects between group type and time that inquiry-based |aboratory instruction
not only enhanced the attitudes but did so with higher rate and consistency than the traditional ap-
proaches. Yeung et al. (2011) observe that to achieve successful laboratory learning, the learning
experience should incorporate active learning, reflection, as well as team-work, which is provided
within inquiry-based learning environments. Inquiry-based experiences are cumulative which was
also likely the contribution towards progressive improvements observed in this study.
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The attitudes of students improved further as they got familiar and confident in the way of utilizing
scientific practices.

Differences that were discipline specific were also notable. Students with higher post-test scores
were the onesin Biology and those with greater relative improvements were the ones in Chemistry,
in terms of anxiety reduction and self-efficacy. It is associated with the results of Penn and Ramna-
rain (2019), who have discovered that students tend to view chemistry as a more challenging and
abstract science and, therefore, value active, inquiry-based learning that enables them to simplify
the concepts through practical research. The significance of creating learning experiences that miti-
gate affective obstacles in science and anxiety, as well as, low confidence is aso pinpointed by
Wineinger, Fry and Moore (2022).

On the whole, the present research outcomes correspond in many ways with the modern literature
and prove that inquiry-based |aboratory teaching is much more effective than conventional |abora-
tory teaching in boosting student attitude to Biology and Chemistry. Inquiry-based learning facili-
tates pleasure, perceived value, self-efficacy, anxiety, and career interest. These are vital affective
results, which do not merely lead to an immediate success in the learning process, but also to the
persistence in STEM disciplines.

4.3 Summary

This chapter showed the results of the research on the effects of the inquiry based laboratory activi-
ties on student attitudes towards Biology and Chemistry, analysed and discussed the results. The
guantitative findings showed significant positive changes in al the five attitudinal dimensions in-
cluding enjoyment, perceived value, self-efficacy, anxiety reduction, and career interest among stu-
dents that received inquiry-based laboratory instruction. Conversely, little improvements were
achieved with students who were taught by traditional technique of laboratory work. These differ-
ences were found to be significant with inferential statistics involving mixed ANOVA outcomes,
which demonstrated the existence of these differences through time and across groups. Graphical
presentations illustrated clear upward trends for treatment groups compared to comparison groups,
further highlighting the positive and cumulative effect of inquiry-based learning environments. Bi-
ology students showed higher overal attitudinal scores at post-test, while Chemistry students exhib-
ited larger relative improvements, particularly in anxiety reduction and self-efficacy. These disci-
pline-specific differences support the idea that inquiry-based approaches are particularly beneficial
for subjects often perceived as challenging or abstract.

The discussion synthesised these findings with existing literature, demonstrating strong alignment
with prior research supporting the effectiveness of activelearning and inquiry-based |aboratory strat-
egies in fostering positive affective outcomes. The chapter also highlighted the importance of stu-
dent-centred learning environments in improving attitudes and increasing interest in science-related
careers. Overdl, the results provide compelling evidence for the integration of inquiry-based labor-
atory instruction into secondary and tertiary science curriculato support both immediate and long-
term student engagement in STEM disciplines.
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SUMMARY, CONCLUSIONSAND RECOMMENDATIONS

5.0 Introduction

The chapter shows the conclusion, the summary, and the recommendations of the research done to
determine the effects of the hands-on, inquiry based laboratory activities on student attitudestowards
Biology and Chemistry. It summarizes the major conclusions of Chapter Four and discusses the
objectives of the research. It also provides some practical suggestions to educators, curriculum de-
velopers and policymakers and provides future research directions. The chapter is divided into four
significant parts, including an introductory summary, an overview of the key findings, conclusions
of the research and the recommendations of the study outlay.

5.1 Summary

The research was to address the impact of inquiry based laboratory activities on student attitude
towards Biology and Chemistry. Five dimensions of attitude analyzed included enjoyment, per-
ceived value, self-efficacy, reduction of anxiety and career interest. The data collected at three in-
tervals by two different groups, including individuals who received inquiry-based laboratory train-
ing and participants who received the traditional methods of working with the laboratory, was ana-
lysed to define the patterns and trends over time.

Theresults revealed that the inquiry-based laboratory teaching led to significant positive changesin
the five aspects of attitudinal dimensions. There was a significant addition of enjoyment in the treat-
ment groups, and this is showing that active and exploratory learning conditions enhance more en-
gagement. Both Biology and Chemistry have gotten a perceived value which, in turn, presupposes
that students started to consider both subjects more applicable and relevant to their personal as well
as academic lives. Self-efficacy was significantly improved among inquiry based learners, which
demonstrates increased confidence in their capability of doing and mastering laboratory assign-
ments. There was a significant reduction in anxiety levels especially in the Chemistry where the
supportive and student-centred environments play a significant role in alleviating fear or intimida-
tion, which is commonly experienced during laboratory work. The career interest in the treatment
groupswas a so rising significantly and it is possible that positive experiences could affect the future
educational and career choices. Comparatively, learners in the comparison groups who got the tra-
ditional laboratory teaching only had slight or moderate changes in these dimensions. The findings
as awhole, present solid reasons to believe that inquiry-based laboratory teaching is more efficient
than the traditional approach in creating a positive attitude of students towards science.

5.2 Conclusions

According to the findings of the current study, it is possible to make a number of conclusions. The
most notable finding isthat inquiry based lab training is aworkable methodol ogy used in enhancing
student attitude towards Biology and Chemistry. Students who took part in inquiry activities showed
to be more interested, they realised the worth of the subject material in a deeper manner, they felt
more confident about doing the lab work, less anxious and more interested in seeking a career in
science related field. Such advantages indicate that inquiry-based laboratories are not only effective
to ensure one-time learning but also to ensure long-term interest and motivation.
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It isalso reveaed in the findings that traditional |aboratory teaching, being organized and predicta-
ble, is not enough to foster the attitudinal development. The limited improvement in the comparison
groups on all attitude subscales demonstrated that passive or highly guided laboratory activities
might not have the required factorsto help develop curiosity, autonomy, and confidence in students.
This brings out the fact that instructional means other than mere exposure in a laboratory, is one of
the most dominant determinants of attitudinal change. Inquiry-based teaching encourages engage-
ment, problem-solving, and thinking which are key ingredients of fulfilling learning processes.

The other finding that was made through the study is that inquiry-based learning facilitates psycho-
logical comfort during laboratory learning. The decreased anxiety level among the students in the
treatment group especially in the Chemistry course indicates that inquiry-oriented activities are use-
ful in establishing a conducive environment in which the learners are encouraged to explore, error
and learn. Such climate encourages the emergence of scientific identities and the long term interest
to STEM. Further, the research findings demonstrated that inquiry-based teaching is effective with
the Biology and Chemistry students, but with the latter, the rel ative improvement is more significant.
This shows that inquiry-based teaching can be especialy supportive in the subjects of perceived
abstractness or difficulty.

Lastly, inquiry-based |aboratory teaching has afutureimplication on curriculum and classroom prac-
tice. Since the attitude is akey determining factor in motivation, participation and performance, the
integration of inquiry methods could have a positive impact on the learning processin students. The
results highlight that the process of teaching laboratory needs to be based not only on technical skills
but on considerate pedagogical approaches that focus on student interaction and independence.

5.3 Recommendations

In the light of the research findings and conclusions of the present study, some recommendations
are given on how the attitude and motivation of students can be improved in studying science. It is
suggested that inquiry-based |aboratory teaching should be adopted by schools, colleges and univer-
sities on a comprehensive basis by incorporating such work throughout the curricula in both the
Biology and Chemistry courses. In order to implement it effectively, the science teachers are to be
provided with the professional development which would be based on the inquiry-based strategies,
scaffolding techniques, designing experiments, and facilitating strategies aimed at students. The ac-
tivitiesin the laboratories must be structured in ways that encourage independence and discovery of
students where the learners will be able to make their own decisions and develop hypotheses, con-
struct experiments and formulate conclusions instead of just going through procedures. Moreover,
it isimportant to establish conducive learning conditions that minimize anxiety among students; this
may be done by encouraging students to learn together, give positive feedbacks and give them a
chanceto revisein order to give the students confidence. The inquiry-based strategies are also to be
utilized in order to stimulate interest in the STEM professions, enabling the students to imagine the
real-world practicein Biology, Chemistry, and other similar areas. The availablelaboratory teaching
handouts and manuals must be checked and updated to incorporate the use of variations on inquiry
that would promote critical thinking and creativity. It is advisable to continuously evaluate the stu-
dent attitudesto track the effectiveness of the instructional methods and make the required changes.
Lastly, future studies are recommended to investigate the inquiry-based learning in other levels of
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education, compare virtual and real physical inquiry laboratories, examine long-term retention and
conceptual learning, and gender and demographic variations in attitudina change.
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Abstract

The COMSTEDA?22 theme, “Reimagining STEM for a Pan-African Future,” aspires to bridge
education, innovation, and sustainable development towards Agenda 2063. However, this paper,
grounded in the GPS-DALE Macrophage framework, argues that the theme is semantically over -
loaded: and risks reversing the authentic logic of transformation by prioritizing system-level
adjustments over human formation. Focusing on Justice, Competence, Conscience, Unity, Sov-
ereignty, Healing, Spirituality, and Morality, the GPS-DALE Macrophage: framework conceptual -
izes STEM reform as a pedagogical immune responser, rather than a technocratic fix. It positions
the African lear ner astheregenerative core: of transformation epistemically sovereign, spiritualy
grounded, and morally awakened.

Drawing on African epistemological perspectives (Ubuntus, Sankofas), cognitive load theory: and
the DAL E Matrixe, the paper buildsits arguments using findings from summative Senior Secondary
STEM exam papers across Zambia (2000-2024), Ghana, Kenya, Rwanda, Uganda, and South Af-
rica. These findings revea a systemic over-reliance on low-order skills, limited alignment with
Agenda 2063: and SDG4~, and minimal attention to learner agency, innovation, or continental con-
sciousness. Using the lens of 18 diagnostic clusters: drawn from the GPS-DALE Macrophage
framework, the paper analyzes all five COMSTEDA sub-themes and proposes a reframed theme:
“Forming the Future Pan-African Learner Through Transformative STEM,” in which reform
begins with the soul of lear ning, not merely the shell of structure. Moreover, diagrams, cognitive
heatmapse, and healing rubrics: are referenced as tools to regenerate African learning ecosys-
tems-. Ultimately, the GPS-DALE Macrophage framework empowers|earners not merely as STEM
participants, but as ethical architects of Africa’s sovereign future.

Note: This critique addresses all five COMSTEDA sub-themes, offering insights aligned with De-
colonization, Innovation, Gender Equity, Climate Resilience, and Policy Harmonization.

1. Introduction

The 22nd Conference on Mathematics, Science, and Technology Education in Africa(COMSTEDA
22) sets out to mobilize STEM education as a strategic instrument for achieving the African Union’s
Agenda 2063. However, the current framing of the theme reveal s tensions between structural ambi-
tion and cognitive clarity. It signals a future-oriented STEM agenda but does not explicitly define
the agent of that future. This paper responds to this ambiguity by revisiting the educational philoso-
phy embedded in African identity and examining the logical order of reform. Thefoundation of any
meaningful transformation must begin with the formation of the African learner as the Future
Pan-African. This critical reflection engages African epistemological frameworkss, cognitive load
theory, and semantic clarity to propose an alternative structure for STEM reform aligned with the
continent’s developmental ethos.
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2. The Problem of Semantic Overload

The current COMSTEDA?22 theme is conceptually dense. It attempts to encapsulate educational
reform, technological innovation, and sustainable devel opment in one sweeping phrase. From a cog-
nitive load perspective, this produces a 40% high level of intrinsic complexity that overwhelms the
average stakeholder asillustrated in Figure 1 and Table 1 below. Sweller (1988) emphasizes that
intrinsic load should be managed by segmenting and sequencing. Y et, this theme offers no such
cognitive scaffolding. Instead, it fuses the 'what," "how," and 'why' of STEM reform into a single
directive.

Reimagining
STEM fora
Pan-African
Future

Bridging Education,
Innovation, and
Sustainable Developa

Figure 1: Cognitive L oad Distribution of the COM STEDA?22 Theme

This figure analyzes the COMSTEDA?22 theme: “Reimagining STEM for a Pan-African Future”
using cognitive load theory to quantify its semantic and conceptual demands. The visual shows that
the theme imposes a high extraneous |oad (45%), primarily due to layered policy jargon and abstract
phrasing; intrinsic load (40%) arises from the conceptual complexity of simultaneously reimagining
STEM, projecting futurism, and situating it within Pan-African ideals. Only 15% of the theme’s
cognitive demand contributes to germane load, the portion that facilitates actual understanding and
schema development for learners or policymakers. This load pattern supports the paper’s argument
that the theme, while visionary, may overwhelm comprehension and hinder actionable reform with-
out clearer human-centered grounding.

Practically, this presents difficultiesin curriculum design, paper submission framing, and workshop
facilitation. Stakeholders are likely to interpret the theme through fragmented lenses, risking inco-
herence in implementation. A well-structured theme should enable both conceptual clarity and ped-
agogical aignment being qualities this version struggles to achieve.

Table 1: Explanation of Cognitive Load Types

Cognitive L oad %

Type Weight Explanation

The theme involves inherently complex topics: STEM, Pan-Africanism, Education,

. 0
IntrinsicLoad | 40% and Devel opment across sectors.

Extraneous 45% The overload is high due to policy layering, vague wording, competing agendas, and
Load 0 lack of epistemic clarity.

While some parts encourage deep learning (e.g: Equity, Innovation), much of the

()
Germaneload | 15% structure blocks long-term metacognition.
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3. Ambiguity in the Verb 'Reimagining'

Theterm 'reimagining' invites an act of mental reconstruction, yet offers no anchor point for where
the original imagination began. Was STEM previously imagined through colonia frameworks? Per-
haps through Post-independence educational reforms? Or alternatively through neoliberal donor-
driven agendas? Without epistemological specificityz, ‘reimagining' risks becoming per for matives
as Ngiigi wa Thiong’0 (1986) argues that the politics of language and naming in education cannot
be ignored. To truly reimagine STEM in Africa, one must first name and deconstruct the founda-
tional logics that informed the original design. Otherwise, the process may produce aesthetic revi-
sions: without substantive transformation. Re-imagination must therefore be grounded in historical
consciousness, cultural memory, and ideological purpose.

4. Systemsvs. Consciousness: A Reversal of Logic

Thelogicimplied by the themeisthat reforming STEM systemswill yield Pan-African futures. This
paper contests that sequence. As Chelkh Anta Diop (1987) asserts, African renewal begins with
cultural and intellectual liberation. It is decolonized minds, but not reengineered systems that birth
sustainable futures. Systems can only reflect the consciousness of those who create them. In this
regards, Ghana’s pilot projects using local languages like Twi and Ewe for science instruction at the
primary level (Kwame Nkrumah University, 2016) demonstrated that students devel oped stronger
conceptual understanding and cultural ownership of STEM topics. These reforms succeeded not by
changing systems alone, but by shifting learner consciousness and epistemic frameworks as shown
in Figure 2 below.

Imagining Designing Creating

People Systems Future

Figure 2: Logics of Pan-African Transformation — From Imagining People to Designing Systems and Creating
the Future

This diagram illustrates the GPS-DALE Macrophage’s regenerative philosophy for African STEM
reform. It beginswith reimagining people asthe drivers of epistemic healing, proceedsto the ethical
design of systems that reflect indigenous values and justice, and culminates in creating a future
anchored in sovereignty, innovation, and continental identity. The flow challenges the reversal of
priorities that places structure above soul.

Therefore, the Future Pan-African must be formed first through pedagogy, history, language, and
ethical grounding. Only then will that individual possess the capacity to reform systemsin ways that
are authentically African and developmentally relevant. Ignoring this order risks producing techno-
cratic adjustmentsthat leave colonia logicsintact.

5. The Philosophical Imperative: People Before Structures

African philosophical traditions emphasize communal identity, ancestral wisdom, and ethical stew-
ardship. Ubuntu and Sankofa offer apedagogical grounding that contrasts sharply with mechanistic
system-first approaches. Ubuntu teaches that the individua is constituted by the community (Ra-
mose, 2002), while Sankofa commands us to retrieve what was left behind (Temple, 2010; Okrah,
2003). Besides, Samir Amin (2006) reinforces this in arguing that no structural transformation can
be successful unless preceded by ideological reorientationa of people who are self-consciously
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African. When we begin with structures, we risk retrofitting old colonial objectives with new Pan-
African labels.

As conceptualized by Ramose (2002), Ubuntu views the self as inseparable from the community,
while Sankofa, rooted in Akan philosophy~, emphasizes the recovery of past wisdom to build for-
ward (Temple, 2010; Okrah, 2003). These philosophies are not merely rhetorical references. Ubuntu
informs the GPS-DA L E Macrophage metric on communal competency and ethical |eadership, while
Sankofadirectly guides the recovery of indigenous evaluation approaches. In the GPS-DALE Mac-
rophage evaluations, these principles are embedded into rubrics that assess not only correctness but
also historical and cultural relevance.

6. Pedagogical Reframing: From Systems Thinking to L earner Formation

Figure 3: Distribution of Cognitive Skill Levelsin 2000-2024 ECZ Grade 12 STEM Exams (GPS-DALE Macro-
phage Matrix Analysis)

This chart highlights the imbalance in question design favouring lower-order skills across analysed
STEM exams.

This figure illustrates the classification of G12 STEM examination questions according to the six
cognitive levels defined in the Zambian Modified Bloom’s Taxonomy (Z-M BT): (1) Recall and
Recognition, (2) Interpret and Explain, (3) Apply Practically, (4) Judge and Decide, (5) Problem-
Solve and Differentiate, and (6) Innovate and Design Solutions. Derived from the DALE Matrix
diagnostics, the distribution reveals a significant clustering in the lower-order domains particularly
Recall and Recognition while higher-level competencies such as Innovation, Problem-Solving, and
Judgement are sparsely represented. This pattern underscoresthe need for epistemically regenerative
assessment tools aligned with SDG4, Agenda 2063, and the pedagogica immune response logic of
the GPS-DALE Macrophage framework.

Step 2: Step 3:
Step 1: System Design STEM Outcomes
Pan-African Learner -> Curriculum -> Agenda 2063
(Identity * Ethics * Memory) Pedagogy Innovation
Assessment _ Sustainability

Figure4: Conceptual Flow of Learner-Centred Transformation in STEM Reform
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This visual reinforces the argument that systems reform must follow identity and consciousness
formation.

Thisvisua outlines athree-step regenerative pathway to authentic Pan-African STEM reform. Step
1 begins with forming the Pan-African learner through identity, ethics, and cultural memory. Step 2
involves system design that reflects these values—shaping curriculum, pedagogy, and assessment
through a justice-centered lens. Step 3 delivers transformed STEM outcomes aligned with Agenda
2063, innovation, and sustainability. The flow affirms that lasting reform must be learner-driven,
not system-imposed.

This flow diagram embodies the Macrophage philosophy of healing through educational sequenc-
ing. Truereform begins not with institutional rearrangement but with the soul of the learner memory,
moral grounding, and epistemic sovereignty. Theseinterna driverstrigger a system design response
(curriculum, pedagogy, diagnostics), which in turn activates sustainable, innovative STEM futures.
The figure shows how healing the learner’s core enables immune-strengthening of the whole edu-
cation system.

The shift from system reform to learner formation demands a new pedagogical architecture. Conse-
guently, STEM must not merely teach skills for employment, but cultivate identity, agency, and
innovation rooted in African realities. Instruments like the “GPS-DALE Macrophage” Matrix that
we use in our Multiple Research Evaluations; provides tools for assessing whether exam questions,
lessons, and learning outcomes align with National and Continental Aspirations. This matrix con-
nects Bloom’s Taxonomy to Zambia’s NDPs, SDG4, Africa 2063 goals and numerous African
Frameworks and Protocols. Such frameworks re-center the learner as the focus of STEM, not just
asarecipient of content but as a builder of African futures.

Since 2024, Mr. Kalungwishi Kabemba, an educational researcher from Zambia, affiliated with the
School of Education, Department of Mathematics and Science is investigating on how to introduce
the GPS-DALE Macrophage-aligned rubric to evaluate any educational Question at any level of
Education in Zambiaand Africaat large. Thisframework has helped the researcher to map question
types to National Development goals and Bloom’slevels, revealing that over 60% of questionsfailed
to assess higher-order problem-solving or 21st-century skills. The project underscores the need for
learner-centric reforms rather than assessment-driven adjustments alone (DALE Evaluation Report,
2024). The DALE Matrix includes athree-tier diagnostic structure: Tier 1 (Recall/Procedural), Tier
2 (Application/Relational), and Tier 3 (Critical/Evaluative). Each level maps to Bloom/Zambia-
Modified Bloom’s Taxonomy (Z-M BT) categories and DALE policy links, providing a multi-di-
mensional view of how exam questions stimulate cognitive growth.

To trand ate these frameworks into actual classroom impact, policy alignment must be accompanied
by teacher-level capacity building. Curriculum reforms anchored on the GPS-DALE Macrophage
findings should be paired with training programs that help teachers recognize multi-tier question
types, cognitive load levels, and Bloom’s /Zambia-Modified Bloom’s Taxonomy targets. Without
this trangdlation, national policies risk stalling at the document stage.

The ssimplified DALE Matrix rubric in Table 2 is designed to help Ministries of Education, ECAS,
and educators diagnose the quality of STEM exam items using the GPS-DALE Macrophage frame-
work. Each field evaluates alignment to transformative African learning goals.

Table 2: Simplified DALE Matrix Rubric for STEM Evaluation

DALE Field Low (1 pt) M e(?)ltusgn (2 High (3 pts) Evaluator Prompt
Cognitive Demand .| Cresative rea Does the question go beyond memory
(Zz-M BT) Recall only | Some analysis soning or routine?
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DALE Field Low (1 pt) M e<2)|tlg1 (2 High (3 pts) Evaluator Prompt

Tier Structure (Z-M ' . . - Doesthe question build across levels
BT) Single-Tier | Two-Tier Multi-Tier of thought?

. Procedural - What skill doesthe learner demon-
Skill Type Assessed only Conceptual Metacognitive strate or build?
Contextual Relevance Foreign con- General satting !_ocaI/Afrlcan- Isthe guestion framed in arelatable

text ised African context?

SDG4 & Agenda 2063 | No align- Implicit align- | Explicit align- | Doesit promote Africa’s educa
Alignment ment ment ment tional/devel opment goals?
Learner Agency Re- . . . Must the learner think independently
quired Passiverole | Guided action | Full agency or take decisions?
E_plstemlc Sover - None Partial Affirmed Doesit reflect Africa’s .
eignty own knowledge and logic?
Pollcy_/Competency Unclear Indirect Direct Isth_e question traceableto aclear
Mapping curriculum goal?

How to use: Score each field from 1 to 3 based on the question. The total score (out of 24) guides
intervention:

a) 18-24 = High-quality transformative item

b) 12-17 = Needs minor refinement

c) 6-11 = Major revision needed

d) Below 6 = Reconsider question purpose

7. Towards a Better Theme: A Proposed Reframed Theme

The current theme could be revised for clarity, agency, and pedagogical depth. This paper proposes:
'Forming the Future Pan-African Learner Through Transformative STEM: Bridging | dentity,
I nnovation, and Sustainability for Agenda 2063." This rephrasing foregroundsthe learner (‘Future
Pan-African'), specifies the tool (Transformative STEM), and makes explicit the developmental
objective (Agenda 2063). It also harmonizes identity with innovation, ensuring that the digital and
economic ambitions of Africaare built on cultural foundations. It is only through identity-centered
transformation that Africa can escape dependency on borrowed models of growth.

8. Visual Logic and Empirical Foundations

People Future

Q.-

Figure5: Reversing the Logic of Reform — From Systemsto Soulsto Sovereignty

Systems

This diagram visually illustrates the core critique of the COMSTEDA?22 theme: that meaningful
STEM transformation in Africa must begin with the learner (people), not systems. The flow moves
from individual epistemic healing (souls), through empowered pedagogy, and finally toward
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systemic sustainability and future-readiness. It challenges technocratic reforms that bypass identity,
morality, and agency.

8.1 Methodological Framing of Empirical Insights

The empirical illustrations referenced throughout this critique are drawn from alongitudinal docu-
ment analysis of selected 2000-2024 ECZ Grade 12 STEM examination papers and some across
multiple African education systems and | GCSE Cambridge.

Using the Descriptive Analysisand L earning Evaluation (DALE) Matrix framework currently under
its validation stage, each exam paper was evaluated against cognitive demand, the Original Bloom’s
taxonomy levels, the Revised Bloom’s taxonomy and the Zambian Modified Bloom’s taxonomy
levels, 21st-century skills, and alignment with national and continental development priorities, such
as Zambia’s national Development Plans (NDPs), SDG4, and Agenda 2063.

High-order
Mid-level
Z-M

Bloom
Taxonomy

Agenda
2063
Targets

Figure 6: Integrative Relationship between Zambian Modified Bloom’s Taxonomy, the GPS-DALE Mac-
rophage Matrix, and Agenda 2063

This diagram illustrates the conceptual relationship between cognitive complexity (Z-M BT), diag-
nostic pedagogy (DALE Matrix), and continental development priorities (Agenda 2063). The Zam-
bian Modified Bloom’s Taxonomy providesalocalized cognitive framework, while the GPS-DALE
Matrix operationalizes it through diagnostic clustering. These are then aligned with broader Pan-
African transformation targets. The intersection reveals how epistemic tools, when culturaly
adapted, can bridge classroom assessment with sovereign development agendas.

This Venn-style diagram maps the overlapping domains of three frameworks critical to African
STEM reform. At the core, DALE Clusters serve asthe central convergence of diagnostic pedagogy.
Higher-order and mid-level cognitive skills form the shared space between the Z-M Bloom’s Tax-
onomy and the DALE Matrix. 21st-century skills define the intersection between Z-M BT and
Agenda 2063. Meanwhile, SDG4 represents the shared developmental vision between Agenda 2063
and the DALE Matrix. The figure demonstrates how the GPS-DALE Macrophage model strategi-
cally bridges cognitive complexity, nationa diagnostic frameworks, and continental development
targets.

Although the GPS-DALE Matrix is still pending formal rollout through institutional consultations
with the University Of Zambia (UNZA) and the Ministry of Education, the initial analyses have
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already revealed a consistent pattern of more than 60% of examined questions across STEM subjects
disproportionately targeting lower-order recall and procedural skills.

These findings substantiate the central thesis of this paper that meaningful reform must shift from
system-wide rhetoric to learner-centered transformation, with robust cognitive and devel opmental
indicators embedded into curriculum and assessment design.

Figure 7: Grouped Distribution of Cognitive Skill Levelsin Grade 12 STEM Exams (DALE Matrix Anal-
ysis)

Thisfigure presents two grouped bar graphs illustrating the overall cognitive demands embedded in
G12 STEM exam questions, based on Zambian Modified Bloom’s Taxonomy (Z-M BT) levels. The
data show astark imbalance: over 60% (precisely 62%) of assessed itemsfall within the lower-order
cognitive categories—namely, Recall and Recognition; Interpret and Explain; and Apply Practi-
caly. In contrast, only 38% engage higher-order skills such as Judge and Decide, Problem-Solve
and Differentiate, and Innovate and Design Solutions. Thefigurevisually affirmsthe DALE Matrix's
diagnostic finding that most summative assessments privilege procedural knowledge and memory
recall, thereby underrepresenting innovation, decision-making, and Pan-African transformative
competencies required by Agenda 2063 and SDG4.

These bar charts visualize the proportion of lower-order versus higher-order questions across Grade
12 STEM exams, analyzed using the DALE Matrix framework. They emphasize the urgent need for
transformation toward |learner-centered and higher-order cognitive assessment.

Instruments like the “DALE” Matrix (Descriptive Anaysis and Learning Evaluation), a policy-
aligned analytical tool currently under its final development stage, provide a method for assessing
whether exam questions, lessons, and learning outcomes align with national and continental aspira-
tions. The GPS-DALE Macrophage Matrix connects Bloom’s Taxonomy to Zambia’s National De-
velopment Plans, SDG4, and Africa 2063 goals by evaluating each question’s skill level, develop-
mental focus, and policy relevance.
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Figure 8: Triangulated Evaluation System Linking Zambian Modified Bloom’s Taxonomy, DALE Matrix
Diagnostic Clusters, and Agenda 2063/SDG4 Tar gets

This systems map illustrates how the GPS-DALE Macrophage framework forms a triangul ated
evaluation engine that connects cognitive depth, diagnostic pedagogy, and global policy goals. The
Z-M Bloom’s Taxonomy establishes cognitive levels from basic recall to innovation. The DALE
Matrix provides multi-tier diagnostic clusters aligned with cognitive load and skill types. These are
processed through the GPS-DALE core node—serving as the reform engine—evaluating and inte-
grating al three frameworks. The output is aligned with Agenda 2063 and SDG4 targets, promoting
transformative, policy-relevant education. A feedback loop to Z-M BT ensures continuous recali-
bration. This dynamic integration reflects the immune-like adaptability of the Macrophage phil oso-

phy.
Figure 8 thus illustrates how the Z-M Bloom Taxonomy, the GPS-DALE Macrophage Matrix, and
Agenda 2063 targets are integrated. Each GPS-DALE Macrophage cluster is mapped to cognitive

levels (Z-M BT), 21st-century skills, and SDG4 targets, forming a triadic evaluation system for
diagnostic and reformative use.

8.2 Illustrative Diagnostic Scenarios from the GPS-DAL E M acrophage

1. Low-Order Saturation in Biology Exams (Zambia, 2023): The DALE Maitrix revealed that 75%
of the questions in a Grade 12 Biology paper only assessed Tier 1 skills (recall and basic defini-
tions). The GPS-DALE immune response triggered a curriculum alert, recommending integration
of Tier 3 reasoning questions aligned with SDG4 Target 4.7.

2. Epistemic Mismatch in Physics Syllabi (Kenya): A diagnostic scan showed heavy reliance on
Western examples with no contextual grounding in African physics applications. The immune
response initiated a “healing rubric” adaptation, encouraging teachersto includelocal innovations
(e.g., borehole pumps or solar dryers) to affirm epistemic sovereignty.

3. Agency Deficiency in Chemistry Practical Exams (South Africa): Learners were assessed only
on procedural tasks without opportunitiesto reflect or hypothesize. The DALE analysis activated
an immune flag and proposed a rubric shift toward Tier 3 items that promote |earner agency and
metacognition.
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4. Curriculum Toxinsin STEM Textbooks (Ghana): Thematic analysis exposed colonial-era nar-
ratives and gender biases. The GPS-DALE immunelogic initiated regeneration by recommending
culturally grounded diagnostics and justice-based textbook audits.

5. Misaligned Question Formats in National Exams (Rwanda): National exams focused on nu-
merical solutions but lacked real-world application. The immune response redirected teacher
training toward multi-tiered question construction and scenario-based assessments.

8.3 Sequence of Educational Transformation in Africa

The model below reflects the revised pedagogical logic proposed in the paper: meaningful reform
begins with the epistemic realignment of the learner (People), which informs pedagogical systems
(Systems), supported by evaluation instruments like the DALE Matrix, and ultimately drives sus-
tainable development outcomes (Future).

People

Epistemic Realignment

||

Systems

Pedagogical Reframing

| DALE Matrix |

¥

Figure9: Sequencein Educational Transformation in Africa: From People to Systemsto Development
Goals

This diagram presents a transformative sequence essential to African education reform. It begins
with people, emphasizing epistemic realignment and identity restoration. The second phase targets
system-level redesign through pedagogical reframing using the DALE Matrix. Thefina phase aims
at realizing future development goals, including SDG4 and Agenda 2063. This flow reflects the
GPS-DALE Macrophage logic that authentic transformation starts with healing the learner’s mind
and soul before restructuring systems or pursuing sustainability targets.

First, form the Future Pan-African as an individual grounded in heritage, ethics, and problem-solv-
ing capacity. Then, design systems such as curricula, pedagogies, and assessments that reflect this
identity. Finally, these systemswill produce a sustainable Pan-African future aligned with Agenda
2063.

This reversal from the current theme’s logic is essential to avoid hollow reforms. Without people-
driven change, system reforms will lack soul. Figure 2 illustrates this spiral logic.

9. Sub-Theme Critique: Disconnect between Implementation and Thematic Integrity
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Figure 10 presents the 12-petal schemaused in the DALE Matrix to map the cognitive, pedagogical,
and policy layers embedded in STEM education reform. Each petal represents a diagnostic cluster
tied to critical dimensions such as identity formation, complexity of skills, SDG alignment, learner
agency, and assessment equity. The petals are interlinked through the GPS-DALE Macrophage’s
regenerative logic, symbolizing how reform is not linear but circular, recursive, and rooted in moral
and epistemic sovereignty. The diagram serves as both a diagnostic compass and a healing map
highlighting the multidimensional interactions between learning design, cognitive demand, and Pan-
African development goals.

Figure 10: 12-Petal DAL E Mapping of the STEM Reform Agenda

Thefollowing explanation interprets the symbolic 12-petal Bernoulli-style diagram presented in the
visual titled 'Reimagining STEM for a Pan-African Future.' in Figure 10. Each petal corresponds to
a GPS-DALE Macrophage -aligned thematic cluster, functioning as a regenerative node within the
educational immune system. This mapping strengthens both diagnostic precision and reform align-
ment.
1. Decolonizing STEM Curricula: Activates the GPS-DALE Macrophage cluster on Ethical/Peda-
gogica Voice and Integration of African Philosophies (Ubuntu, Sankofa).
2. Integrating Sustainability: Alignswith 21st Century Skills (Sustainability, Adaptability) and pol-
icy-linked cognitive domains.
3. Aligning National Policies. Connects directly to the Policy—Practice Link GPS-DALE Macro-
phage cluster; reinforces Agenda 2063 and SDG4 alignment.
4. Climate-Smart Agriculture: Stimulates STEM relevance through climate adaptation by engaging
cognitive application and resilience.
5. STEM for Climate Resilience: Merges sustainability with high-order cognitive tasks linked to
Multi-tier Question Insight cluster.

Journal for Science, Technology, Engineering and Mathematics Education in Africa (JSTEMEA) - Volume 1, Number 1, January 2026 171



Kalungwishi Elijah Kabemba

6. Inclusive Pedagogies: Promotes Equity, Access, and Agency directly aligned with Learner-Cen-
tered Framing and Ethical Voice.

7. Gender Equity in STEM: Empowering Women and Girls: Maps to the GPS-DALE Macrophage
cluster on Social Justice and SDG4.5 (inclusive, equitable education).

8. Mentorship Programs: Supports skills development in Collaboration and Communication linked
to the GPS-DALE Macrophage Skill Assessment logic.

9. Gender Equity in STEM (repeated): Reinforces focus on gendered epistemic justice and |eader-
ship framing under Vision 2030 priorities.

10. Funding Mechanisms. Supports implementation of pedagogica innovations, the GPS-DALE
Macrophage training and teacher-level uptake.

11. Policy Harmonization: Cross-border coherenceis essential for scalable reformstied to the GPS-
DALE Macrophage Matrix’s comparative utility.

12. Redesigning STEM Education: Summarizes the core goal: transformative system renewal pow-
ered by learner-focused metrics like GPS-DALE Macrophage.

This petal-map mirrors the GPS-DALE Macrophage Matrix philosophy: reforms are not linear, but
regenerative. Each petal is a policy-immune cell activated to restore educational justice, skill trans-
fer, and learner dignity. Together, they uphold the vision of Agenda 2063.

9.1 Decolonizing STEM Curricula

While this sub-theme rightly calls for integrating indigenous knowledge and sustainable practices,
it still centers curriculum systems rather than learners themselves. Without first transforming the
epistemic identity= of the learner (see Ngiigi wa Thiong’o, 1986), integrating indigenous content
risks being tokenistic» as merely adding local knowledge to existing structures does not decolonize
learning. However, true epistemological shift must begin with the student’s consciousness, lan-
guage, and cognitive worldview. Therefore, evenif this sub-themewere fully implemented, it would
struggle to deliver a Pan-African future unless learners are formed first as Pan-African thinkers.

9.2 Pan-African Innovation Hubs

This sub-theme promotes entrepreneurship and digital innovation, but positions STEM as avehicle
for tech economies without grounding in Pan-African values. Therisk is producing technically pro-
ficient but ideologically neutral graduates= who serve market systems rather than transforming them
(Amin, 2006). Without embedding Ubuntu and de-colonial ethics into innovation, the future work-
force may perpetuate dependency. Thus, innovation hubs must first form critical Pan-African minds
before launching startups and scaling technologies.

Rwanda’s engagement with international coding academies» as Andel & highlighted this disconnect.
While graduates excelled in software skills, evaluations by the African Development Bank (2021)
noted a lack of grounding in ethical innovation or community impact, raising concerns about ex-
porting talent without transforming local systems or addressing Pan-African priorities.

9.3 Gender Equity in STEM

Empowering women and girls is essential. However, if equity is treated as numerical parity rather
than identity and consciousness development, it risks liberal inclusion rather than structural trans-
formation. As Diop (1987) points out, gender parity must be accompanied by cultura revaloriza-
tion=. STEM for African women must affirm indigenous leadership archetypes=, not merely insert
them into colonia frameworks. Therefore, gender equity alone will not yield a Pan-African future
unless identity formation is central.

9.4 STEM for Climate Resilience
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This sub-theme aligns with Africa’s environmental urgency, promoting renewable energy and adap-
tive systems. Yet, its emphasis on infrastructure may overshadow pedagogical transformation.
STEM cannot solve climate issues with imported technological logic alone. Learners must first in-
ternalize stewardship ethics rooted in African cosmologies: (Sefa Dei, 2002). Otherwise, Africa
will remain a consumer of global climate discourse. Thus, resilience must begin in the mind before
the system. The Green Schools programme in South Africa, though focused on sustainability, faced
criticism for importing Eurocentric models of environmental science without embedding indigenous
ecological knowledge systems (Sefako M akgatho Climate Education Review, 2021). Learners could
cite global emissions statistics, yet struggled to relate STEM learning to local land practices or an-
cestral conservation methods.

9.5 Policy Harmonization and Cross-Border Collaboration

Continental frameworks are crucial, but policy harmonization assumes systems can integrate top-
down. Yet, as Sweller (1988) argues, cognitive load in learning increases when frameworks lack
grounding in learner schemas. Policies without pedagogical identity= risk bureaucratic convergence
without transformation. Harmonization is only effective when built on a shared Pan-African learner
identity. Therefore, systems alignment without people formation will not yield the Africa We Want.

9.6 Reconfiguring the COM STEDA 22 Sub-Themesthrough the GPS-DAL E Macrophage
Diagnostic Lens

Table 3 maps the five COMSTEDA 22 sub-themes through the diagnostic lens of the GPS-DALE
Macrophage framework, aligning each theme with core pedagogical concerns, Macrophage clusters,
and values-based transformation priorities. It illustrates how rethinking reform from the learner out-
ward can regenerate STEM systems toward Agenda 2063 and epistemic sovereignty.

Table 3: GPS-DAL E Macrophage Reconfiguration of COM STEDA?22 Sub-Themes for Transformative
STEM Reform

COMSTEDA Sub-
Theme

M acr ophage Focus

Core DALE Concern

Transfor mative Shift

1. STEM Curriculum

Bloom Levels, Detoxifica-
tion

Overloaded, irrele-
vant frameworks

From topicsto epistemic
dignity

2. Inclusive Pedagogy

Assessment Violence, Eg-

Gender and social biasin

From uniformity to epis-

uity, |dentity tools temic justice
3. Indigenous Ubuntu Logic, Cognitive- Loss of ancestral anchor- | From colonized code to cul-
Knowledge + Digital Spiritual Balance age tural memory

4. Teacher Capacity

Load Theory, Reprofession-
alization

Passive curriculum imple-
mentation

From delivery to diagnostic
agency

5. Policy and Systems

Agenda 2063/SDG4 Align-
ment, Threshold Logic

Reform starts with struc-
tures, not learners

From structuresto regenera-
tive learning ecosystems

Sub-Theme 1: Reimagining STEM Curriculum for Relevance and Resilience
*Macrophage Cluster: Curriculum Realignment, Bloom Rebalancing, Cultural Detoxification.
*Core Values Anchored: Justice, Competence, Sovereignty.
*DAL E Concern: Overdependence on lower-order skills; weak Agenda 2063 aignment.
*Transformation Priority: Relevance must emerge from epistemic dignity and African con-

texts.

Sub-Theme 2: Gender Responsiveness and Inclusive STEM Pedagogy

*Macr ophage Cluster: Equity Diagnostics, Hidden Curriculum, Assessment Violence.
*Core Values Anchored: Unity, Conscience, Morality.
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*DAL E Concern: Gendered assumptions in assessment rubrics and teaching.
*Transformation Priority: Inclusivity begins with pedagogical identity and agency-centered
diagnostics.

Sub-Theme 3: Integrating I ndigenous Knowledge and Digital I nnovation
*Macrophage Cluster: Ubuntu Intelligence, Digital-Human Fusion, Indigenous Pedagogies.
«Core Values Anchored: Sovereignty, Spirituality, Healing.
*DALE Concern: Technological fixes often displace epistemic sovereignty.

*Transformation Priority: Innovation must recover ancestral wisdom and spiritual knowing,
not overwrite it.

Sub-Theme 4: Strengthening STEM Teacher Education and Professional Development
*Macrophage Cluster: Professional Reorientation, Diagnostic Capacity Building, Cognitive
L oad Management.
*Core Values Anchored: Competence, Healing, Conscience.

*DALE Concern: Teachers are implementers of pre-digested curriculum, not co-creators of re-
form.

*Transformation Priority: Empower teachers as pedagogical healers, not just deliverers.

Sub-Theme 5: Policy and Systems Transformation for Sustainable STEM
*Macrophage Cluster: Policy Alignment Grid, Threshold Pass Analysis, Reform Sequence.
*Core Values Anchored: Justice, Unity, Sovereignty.
*DALE Concern: System-first models dislocate learners from the center of reform.

*Transformation Priority: Policy must orbit around learner regeneration, not bureaucratic met-
rics.

10. Conclusion

The COMSTEDA?22 theme, while inspirational in ambition, is both semantically overloaded and
structurally misaligned with Pan-African epistemology. Initialy, the critique established that the
theme'slogical flow of placing system transformation before learner formation reverses the princi-
ples of transformative education. Besides, further critique in Section 9 reveals a deeper problem of
achieving a Pan-African future. Even if each sub-themeisimplemented in full, the overarching goal
of achieving a Pan-African future remains unreachable. Thisis because the sub-themes, while indi-
vidually relevant, do not converge on the central problem of agency. Instead, they propose structural,
economic, or policy-level interventions without first forming the kind of Pan-African consciousness
necessary to drive and sustain those reforms. Therefore, the failure lies not in the ambition of the
theme, but in its philosophical sequence. Africadoes not need to “reimagine STEM” in the abstract,
but it needs to form the Pan-African mind that will reimagine, redesign, and rebuild the continent’s
future. Hence, this paper proposition of 'Forming the Future Pan-African Through Transformative
STEM: Bridging Identity, Innovation, and Sustainability for Agenda 2063." This must be the new
foundation of any COMSTEDA or STEM reform effort aligned with Agenda 2063.

In conclusion, whilethe COMSTEDA 22 theme articulates abold vision for the continent, it embeds
aflawed philosophical order. By prioritizing the reimagining of systems over the formation of con-
sciousness, the COM STEDA 22 theme risks reinforcing technocratic interventions that fail to eman-
cipate as many national curricularemain infused with latent curriculum toxins=, subtle remnants of
colonial logic and uncontextualized pedagogies that obstruct authentic learner empowerment. Fur-
thermore, the persistent dominance of recall-based testing perpetuates what critical scholars have
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discussed and what I have termed assessment violence, whereby assessments ignore the learner’s
identity, agency, and lived experience. In contrast, a genuinely transformative STEM agenda must
center the African learner as epistemically sovereign capable of producing, validating, and owning
knowledge grounded in indigenous epistemol ogies. This sovereignty must be anchored in the triad
of Conscience, Sovereignty, and Spirituality, foundational principles of the GPS-DALE Macro-
phage philosophy, which repositions education as an ethical, healing, and culturally responsive act
of liberation. Therefore, the future of STEM in Africalies not merely in what we build, but in whom
we form through assessments anchored in culturaly grounded frameworks such as the Zambian
Modified Bloom’s Taxonomy (Z-M BT). Reclaiming agency in STEM reform begins by investing
in the learner’s identity, imagination, and ideological clarity. Only then can educational systems
evolve into authentic vehicles of transformation rather than remain barriersto realizing or achieving
the Africa We Want.

Healing Pedagogy Declar ation
We, educators, researchers, and curriculum thinkers, affirm that:

1.Assessment should not only measure but heal.

2.0ur tools must be diagnostic, not extractive.

3.0ur rubrics must reflect identity, not just productivity.

4.From Ubuntu, we learn that every learner is part of agreater cognitive community.

5.From Sankofa, we are reminded to recover what colonial systemstold usto forget.

6.STEM reform must confront inherited trauma by restoring the African learner's sense of
agency, dignity, and voice.

7.We must reject pedagogical violence.

8.We must uphold justice-driven curriculum transformation.

9.GPS-DALE Macrophage is our immunological response built to expose broken logic and nur-
ture future-ready resilience.

Thisisour code. Thisisour Global Positioning Descriptive Analysis and Learning Evaluation.

Endnotes

This paper draws upon the Global Positioning Satellite-Descriptive Analysis and Learning Evalua
tion (GPS-DALE) Macrophage framework devel oped by the author. Asan Immunological Compass
for African Educational Renaissance, the GPS-DALE Macrophage is not merely an evaluation
framework but a regenerative philosophy. Born from the urgency to rescue African education from
technocratic decay, semantic overload, and colonial inertia, its strength liesin its capacity to sense,
diagnose, heal, and rebuild the cognitive and moral fabric of learning systems.

1. Cognitivelmmunity and Curriculum Healing: Like abiologica macrophage, the GPS-
DALE Macrophage identifies toxicities within curricula such as assessment violence,
curriculum misalignment, or performative reforms and targets them through a pedagogi-
cal immune response. It does not only flag what is wrong; but it activates a healing pro-
cess rooted in cognitive heatmaps, diagnostic clusters, and threshol d-predictive matrices.
This elevatesit beyond traditional tools and becomes an educational immune system.

2. Epistemic Sover eignty and Cultural Dignity: Its core strength isits philosophical aign-
ment with African epistemol ogies Ubuntu, Sankofa, and the ethic of communal regener-
ation. It reclaims the African learner not as a recipient of instruction, but as the regener-
ative core of transformation epistemically sovereign, spiritualy grounded, and morally
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awakened. This shift in locus from system to soul represents a new educational sover-
eignty for the Africawe want.

3. Supra-Diagnostic Precision: Armed with over 1000 interrelated clusters and 370+ ana-
lytical variables, the GPS-DALE Macrophage surpasses linear evaluation. It detects pol-
icy gaps, skill imbalances, misaligned complexity levels, and mismatched learning inten-
tions using tools such as multi-tier clustering, Agenda 2063 compliance flags, Skill—Pol-
icy—Ethicstriangulation. No other tool currently integrates cognitive diagnostics, spiritual
foundations, and policy monitoring with such precision.

4. Pan-African Unification and Agenda 2063 Alignment: The GPS-DALE Macrophage
holds continental potential as a unifying education reform architecture. By harmonizing
Z-M Bloom’s Taxonomy, SDG4 indicators, and Agenda 2063 targets, it empowers Min-
istries of Education, ECAs, and continental bodies to monitor reforms with a common
compass. In this way, it becomes Africa’s own evaluation engine, no longer dependent
on foreign indices.

COMSTEDA asthe Birthplace of the Macrophage Era

If recognized, COMSTEDAZ22/23 could mark the birthdate of the GPS-DALE Macrophage
not asasingleinvention, but asthe arrival of a new Pan-African consciousnessin STEM
reform. Like the release of an immune messenger into the bloodstream of African edu-
cation, COMSTEDA provides the intellectual, symbolic, and continental stage for this
unveiling.

Thisis not just about a model, but a movement but a continental shift from reactive reforms to
regenerative transformation.

Noteson Key Terms

1. Semantically overloaded: Thisrefersto a phrase or theme carrying too many conceptual layers at once,
thereby hindering clear analysis or execution.

2. GPS-DALE Macrophage: The GPS-DALE Macrophage is an African-born, African-owned, and globally-
relevant educational immune framework designed to detect, diagnose, and heal epistemic, cognitive, and
policy gaps in formative and summative assessments across al learning levels. With over 1,000 diagnostic
clusters and 370+ analytical variables, it offers Africaa unifying system for monitoring the implementation
of al 7 Aspirations of Agenda 2063 and SDG4. It isour vision that COMSTEDA22 will be remembered as
the historical platform that introduced this model to the world. From this moment, we seek continental
partnerships (AU, NEPAD, ECAS), globa education alliances (UNESCO, UNICEF, GPE), and academic
networksto further validate, scale, and resource thismodel for integration in: (1) teacher training; (2) exam
board reforms; (3) STEM innovation monitoring; and (4) regional quality assurance.

3. Pedagogical immuneresponse: A metaphor used in the GPS-DALE Macrophage model describing how ed-
ucational systemsidentify, isolate, and correct harmful curriculum practices.

4. Regenerative core: A GPS-DALE metaphor for the learner as the source of sustainable transformation within
an educational ecosystem.

5. Ubuntu: A Southern African ethic meaning, “I am because we are,” used to ground learning in dignity and
interconnectedness.

6. Sankofa: An Akan concept meaning “go back and fetch it,” encouraging the recovery of indigenous wisdom
in curriculum reform.

7. Cognitive load theory: A psychological theory proposed by John Sweller which examines how instructional
design affects mental effort and learning retention.

8. DALE Matrix: Descriptive Analysis and Learning Evaluation Matrix is a structured grid used to evaluate
exam questions based on skills, complexity, and policy relevance.

9. Agenda 2063: The African Union’s blueprint for a prosperous, integrated, and self-determined Africa, with
education as a strategic pillar.
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10. SDG4: Sustainable Development Goal 4 from the United Nations, focused on ensuring inclusive and equita-
ble quality education.

11. Diagnostic Clusters: 18 zones within the GPS-DALE logic that evaluate exam quality, curriculum align-
ment, and learner impact.

12. Cognitive heatmap: A visua tool in the DALE Matrix that shows the intensity and imbalance of cognitive
levels across an exam paper.

13. Healing rubrics. Rubric frameworks that prioritize cultura dignity, agency, and epistemic justice alongside
content mastery.

14. Africalearning ecosystem: The interrelated environment of curriculum, pedagogy, and assessment that sup-
ports or hinders holistic learning.

15. African epistemology: Knowledge systems grounded in African philosophical traditions, emphasizing rela-
tionality, spirituality, and community reason.

16. Semantic overload: Thisrefersto an excessive concentration of meaning within a phrase or sentence, over-
whelming the reader’s cognitive processing capacity.

17. Epistemological Specificity: Refersto the precise identification and grounding of knowledge systemswithin
their cultural, historical, and philosophical contexts. In contrast to general or imported epistemologies,
epistemological specificity asserts that African education must be rooted in African ways of knowing.
Within the GPS-DALE Macrophage framework, this principle ensures that learning is not only contextu-
aly relevant but also intellectually sovereign, allowing learners to reclaim and develop knowledge from
their own ontologies and traditions.

18. Performative: Thisrefersto actions or language that appear to drive change but lack substantive structural
transformation or practical outcomes.

19. Aesthetic Revisions: Thisrefersto editorial or design adjustments that enhance the visual appeal, formatting
coherence, and reader-friendliness of the paper without altering its substantive content or conceptual argu-
ment. In the context of the GPS-DALE Macrophage framework, aesthetic revisions support regenerative
clarity and dignified presentation, ensuring that form reflects and reinforces philosophical depth.

20. Technocratic adjustments. These are policy or structural changes focused primarily on systems, tools, or
institutional mechanisms—often implemented without parallel shiftsin ethical grounding, learner identity,
or cultural logic. In GPS-DALE Macrophage diagnostics, such adjustments are critiqued when they prior-
itize operational reform over epistemic healing, resulting in performative rather than transformative impact.

21. Ideological reorientation: Thisisa shift in the foundational beliefs and values that shape education systems
and reform agendas.

22. Akan philosophy: A West African philosophical system originating from the Akan people of Ghana and Céte
d’Ivoire, emphasizing communal well-being, moral reciprocity, and ancestral wisdom. Key concepts such
as Sankofa (“‘go back and fetch it”) are foundational to curriculum decolonization and cultural regeneration
within the GPS-DAL E Macrophage framework.

23. Epistemicidentity: Refers to the learner’s self-concept as aknower shaped by cultural background, language,
historical memory, and knowledge systems. Within the GPS-DALE Macrophage model, epistemic identity
is essential for authentic learning and transformation, enabling learnersto reclaim their intellectual agency
and resist cognitive colonization.

24. Risks being tokenistic: This phrase signals the danger of symbolic inclusion without substantive change. In
STEM reform, it refers to superficial gestures like naming themes or inserting African references without
embedding indigenous logic, epistemic sovereignty, or learner-centered transformation. The GPS-DALE
Macrophage cautions against such performativity that mimics reform while maintaining structura inequi-
ties.

25. Ideologically neutral graduates. Refersto learners who emerge from education systems without a clear phil-
osophical, cultural, or ethical grounding often shaped by curriculathat avoid political, historical, or spiritual
positioning. In the GPS-DALE Macrophage model, this neutrality is seen not as objectivity but as erasure
disconnecting learners from their identity, context, and transformative potential .

26. International Coding Academy: A generic label used to describe private or donor-funded institutions offering
coding and digital skills programs across African countries. While such academies may enhance employa-
bility, the GPS-DALE Macrophage cautions that without cultural rooting and epistemic alignment, they
risk exporting external logics rather than nurturing sovereign, locally-grounded innovation.
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27. Andéda: A taent accelerator originally launched in Nigeria to train software developers for global tech mar-
kets. While praised for scaling digital skills, Andela has also been critiqued for prioritizing outsourcing
pipelines over local innovation ecosystems. Within the GPS-DALE Macrophage lens, such models must
be examined for their long-term contribution to epistemic sovereignty and continental development.

28. Cultural revalorization: The process of restoring dignity, legitimacy, and centrality to indigenous cultures,
philosophies, and knowledge systems in education. Under the GPS-DALE Macrophage, cultural revalori-
zation is not nostalgic recovery, but a regenerative act that affirms the African learner’s epistemic worth
and positions local wisdom at the heart of STEM reform.

29. Indigenous leader ship Archetypes: Models of leadership drawn from African traditions, stories, and socia
structures—often emphasizing wisdom, interdependence, spiritual authority, and moral stewardship. Unlike
technocratic leadership models, these archetypes prioritize communal flourishing and ethical foresight. In
the GPS-DALE Macrophage, they inspire learner formation and educational leadership rooted in ancestral
logic.

30. African cosmologies: This refers to the diverse traditional understandings and worldviews held by many Af-
rican cultures about the nature of the universe, the relationship between humans and the divine, and the
interconnectedness of all life. These cosmologies are foundational in shaping African spiritual beliefs, eth-
ics, social organization, and rituals.

Worldviews and ontologies rooted in African traditions that emphasize the interconnectedness of the spiritual,
natural, and human realms. They offer holistic understandings of existence, time, knowledge, and purpose.
In the GPS-DALE Macrophage model, African cosmologies guide pedagogica healing, situate the learner
within alarger ethical universe, and counter reductionist STEM paradigms.

31. Pedagogical identity: This refers to the way teachers or educators understand, construct, and express their
sense of self in relation to their teaching practice. It encompasses their beliefs, values, knowledge, skills,
and attitudes about teaching and learning, as well as how they see their role and purpose within the educa-
tional context.

The educator’s internalized framework of beliefs, values, and practices that shapes how they teach and relate to
learners. It includes their epistemological stance, cultural orientation, and ethical posture. In the GPS-
DALE Macrophage, pedagogical identity must be healed and re-rooted to disrupt colonia instructional
habits and foster transformative, learner-centered STEM education.

32. Pan-African consciousness. Thisrefersto acollective awareness and sense of identity among African people
and the African diaspora, emphasizing unity, solidarity, and shared heritage across the continent and be-
yond. It isapoalitical, cultural, and social mindset that seeks to affirm African identity, promote self-deter-
mination, and challenge colonia and neocolonial legacies.

A political, cultural, and educational awareness that affirms the unity, agency, and shared destiny of African peo-
ples across the continent and the diaspora. It calls for educational models that resist fragmentation, decolo-
nize knowledge, and build continental solidarity. The GPS-DALE Macrophage el evates Pan-African con-
sciousness as a critical learning outcome—shaping learners who think, innovate, and lead with Africain
mind.

33. Assessment violence: This refersto testing approaches that harm learners by ignoring their cultural identity
and agency. The concept isinfluenced by scholars such as Paulo Freire (1970), Linda Tuhiwai Smith (1999),
and Antonia Darder (2012), who argue that such practices perpetuate epistemic injustice and reinforce co-
lonial hierarchiesin education. The structural and psychological harm inflicted by evaluation practices that
disregard learner context, identity, or developmental readiness. This includes over-testing, rote recall em-
phasis, cultural erasure, and exclusionary formats. In the GPS-DALE Macrophage model, assessment vio-
lence is treated as a “curriculum toxin” that must be neutralized through healing rubrics, diagnostic align-
ment, and epistemic justice.

34. Critical Thinkers: The term assessment violence draws on critical pedagogical insights from Paulo Freire’s
critique of the “banking model” of education (1970), which dehumanizes learners by treating them as pas-
sive recipients of knowledge. Gloria Ladson-Billings (1995) extends this by framing educational disparity
as “educational debt,” rooted in systemic racism rather than mere achievement gaps. Linda Tuhiwai Smith
(1999) explores how assessments can perpetuate colonial harm when stripped of Indigenous epistemologies.
Antonia Darder (2012) critiques how classroom power dynamics marginalize cultural identity through
standardised evaluations. Njoki Wane (2008), working within African Indigenous knowledge systems,
warns that ignoring spiritual, communal, and ancestral dimensions in assessment frameworks amounts to
epistemic erasure. Together, these scholars argue that assessments which fail to respect epistemic identity
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and contextual reality inflict violence on the African learner and obstruct emancipatory education. Freire,
Paulo. Pedagogy of the Oppressed (30th Anniversary Ed.). New Y ork: Continuum, 2000. Originally pub-
lished in 1970, thiswork advocates for the critical formation of consciousness (conscientizacéo) as the core
of liberatory education.

35. Conscience, Sovereignty, Spirituality: Core valuesin the GPS-DALE Macrophage model representing the
moral and identity-based dimensions of learning. Three of the eight foundational pillars of the GPS-DALE
Macrophage framework. Conscience refers to the learner’s moral compass and capacity for ethical judg-
ment. Sovereignty asserts the learner’s right to epistemic independence and cultural authorship. Spirituality
grounds learning in purpose, transcendence, and ancestral wisdom. Together, these pillars move STEM
education beyond technical skills toward holistic, soul-rooted transformation.

36. Curriculum toxins: Refersto harmful content, pedagogy, or colonia frameworks embedded in curricula,
often invisible without critical diagnostics.

Harmful elements embedded in educational content, pedagogy, or structure that impair learner growth, identity, or
agency. These include colonial narratives, Eurocentric bias, misaligned objectives, and rigid assessment
forms. Within the GPS-DALE Macrophage model, curriculum toxins are detected through diagnostic clus-
ters and neutralized through regenerative design, cultural revalorization, and epistemic healing.

37. Epistemic sovereignty: The learner’s capacity to generate, validate, and own knowledge from within their
cultural and intellectual heritage.

The learner’s capacity to generate, validate, and own knowledge rooted in their cultural, linguistic, and intellectual
heritage. It affirms the right to think, teach, and learn from African worldviews without dependency on
imported paradigms. Within the GPS-DALE Macrophage, epistemic sovereignty is central to forming re-
generative learners capable of leading Africa’s transformation with dignity and authenticity.

38. Zambian Modified Bloom’s Taxonomy: The Z-M BT grid is an original adaptation of Bloom’s Taxon-
omy, developed by the author to meet the specific diagnostic needs of Zambian STEM assessment under
the DALE Matrix.

A localized adaptation of Bloom’s Taxonomy, developed by the author to better evaluate cognitive depth in Zam-
bian STEM assessment contexts. It reorders and renames cognitive levels as: (1) Recall and Recognition;
(2) Interpret and Explain; (3) Apply Practically; (4) Judge and Decide; (5) Problem-Solve and Differentiate;
(6) Innovate and Design Solutions.

The Z-M BT supports the DALE Matrix in mapping question difficulty, skill complexity, and policy relevance,
offering a culturally responsive diagnostic framework.
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