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This article presents an innovative interdisciplinary approach to teaching the solar system in lower secondary education (9th grade), grounded in David Ausubel’s Meaningful Learning Theory and the STEAM (Science, Technology, Engineering, Arts, and Mathematics) methodology. Traditional astronomy teaching often fails to connect with students’ prior knowledge, resulting in superficial and fragmented learning. Addressing this issue is crucial for fostering deeper cognitive engagement and preparing students for complex, interdisciplinary challenges. However, there is a notable gap in the literature regarding integrating Ausubel’s theory with the STEAM approach, particularly in astronomy education at the lower secondary level. The study, conducted with 9th-grade students, employed active learning strategies such as planetarium visits, hands-on model construction, mind mapping, and collaborative projects to foster a holistic understanding of astronomical concepts. The proposal aimed to bridge prior knowledge with new content by integrating these methods, promoting critical thinking and creativity. Results demonstrated significant improvements in students’ ability to articulate and apply astronomical knowledge, highlighting the effectiveness of combining theoretical frameworks with experiential and interdisciplinary activities. The study underscores the potential of such approaches to address challenges in astronomy education, preparing students for contemporary cognitive demands while cultivating a deeper appreciation for the cosmos.
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1 Introduction

Astronomy plays a fundamental role in basic education, offering a unique opportunity to integrate different areas of knowledge, such as science, mathematics, history, and geography. In the Brazilian National Curriculum (BNCC), Astronomy is an integral part of the science curriculum for elementary school, with specific learning objectives for the 9th grade that include understanding the Solar System, celestial motions, and the Earth’s position in the universe (BRASIL Ministério da Educação, 2018). By exploring astronomical concepts, students develop essential skills, such as observation, logical reasoning, critical thinking, and scientific investigation. Moreover, the study of astronomy awakens curiosity and fascination for the universe, motivating students to question the world around them and understand their place in the cosmos. This understanding of the universe not only enriches the school curriculum but also promotes a broader and holistic view of knowledge, preparing students to face the challenges of the modern world with an open mind and a deep appreciation for the beauty and complexity of the universe (Vieira et al., 2024).

However, astronomy teaching often faces significant challenges in elementary education despite its recognized importance. Traditional methods frequently prioritize rote memorization of facts and isolated concepts over deep, contextualized understanding (Magron et al., 2022). This approach can lead to fragmented learning that fails to connect with students’ daily lives or prior knowledge, resulting in low engagement and meaningful understanding (Batista et al., 2022a, 2022b). Consequently, there is a pressing need for innovative pedagogical strategies that effectively bridge this gap.

In recent years, the teaching of astronomy has been widely discussed in science education, with research highlighting the need for innovative approaches that transcend traditional teaching methods. Studies such as those by Sitko et al. (2023) and Ferreira et al. (2024) have emphasized the value of active methodologies to increase student engagement. Furthermore, the integration of arts and technology, as proposed by the STEAM approach, has emerged as a promising path for interdisciplinary teaching (Khine and Areepattamannil, 2019; Yakman, 2008). Concurrently, David Ausubel’s Meaningful Learning Theory (MLT) provides a robust theoretical framework for ensuring new knowledge is substantively anchored in the learner’s cognitive structure (Ausubel, 2012; Moreira and Massoni, 2015).

While active methodologies and interdisciplinarity are increasingly advocated, few structured proposals systematically integrate the cognitive principles of MLT with the practical, hands-on approach of STEAM specifically for teaching astronomy in elementary education. This lack of integration risks creating engaging activities that may not lead to lasting conceptual understanding, or conversely, theoretically sound lessons that fail to captivate students. This study addresses this gap by developing and implementing a teaching proposal that intertwines these two frameworks.

In the context, didactic proposals that connect students’ prior knowledge with interactive and meaningful practices have proven particularly effective (Vilaça et al., 2013). This article presents an innovative proposal: the creation and implementation of an educational product, a board game entitled “Via Solare,” which applies astronomical concepts in a playful and interactive manner. The game was tested with 9th-grade elementary school students, highlighting the importance of meaningful materials for the teaching-learning process, as proposed by David Ausubel in his meaningful learning theory (Ausubel, 2012).

The integration of games and playful activities in the teaching of astronomy in particular and physics, in general (Ferreira et al., 2020), is aligned with the STEAM methodology, which integrates science, technology, engineering, arts, and mathematics. This approach has gained prominence as an effective strategy to promote interdisciplinary and practical education (Khine and Areepattamannil, 2019). Furthermore, the use of educational games has been widely recognized for its ability to engage students, making learning more dynamic, engaging, and memorable (Gee, 2003; Prensky, 2003).

Therefore, the present research aims to investigate the pedagogical potential of games and playful activities in the teaching of astronomy, based on Ausubel (2012) and on recent studies that highlight the effectiveness of active methodologies in the educational context. By proposing the game “Via Solare,” we seek not only to facilitate the understanding of astronomical concepts but also to stimulate students’ interest in science, contributing to a critical, reflective, and engaged approach to education.

To guide this investigation, the study is structured around the following research questions:


	1. How does the integration of the STEAM approach with Ausubel’s Meaningful Learning Theory (MLT) influence 9th-grade students’ understanding of the Solar System?

	2. To what extent does the proposed teaching sequence (advanced organization, progressive differentiation, and integrative reconciliation) facilitate meaningful learning and interdisciplinary integration?

	3. What are the perceived impacts of this hybrid approach on student engagement and the development of critical thinking and creativity?





2 Theoretical framework

The Brazilian educational model has undergone significant changes in recent decades, mainly in terms of recognizing students’ differences and the need to adapt teaching methods to meet their specific needs (Chaves et al., 2021). However, despite these efforts, there are still many criticisms regarding the country’s educational system. This is largely due to insufficient investment in infrastructure and teacher training, as well as ineffective public policies to improve the quality of education. In addition, the Brazilian educational model remains largely focused on conventional teaching methods, which fail to account for the individual differences of students and their diverse ways of learning. This ultimately limits students’ potential.

STEAM education proposes an interdisciplinary integration of knowledge in science, technology, engineering, arts, and mathematics to prepare students for the challenges of society and the job market. The methodology fosters knowledge integration and learning through collaboration among students (Vygotsky, 1978), making teaching more challenging and engaging (Maia et al., 2021). To implement this model, it is necessary to prepare teachers and choose ways to present concepts in an integrated manner, such as through workshops and classroom debates (Sousa, 2022). This approach also helps to develop socio-emotional skills and can be applied through real-world problems and technological tools. Integrating disciplines in teaching can be a positive path for education.

The implementation of the STEAM approach in schools aims to integrate different areas of knowledge to stimulate creativity, inventiveness, empathy, humanism, and the acquisition of knowledge, skills, and attitudes essential for today’s life, such as computational thinking and the “do it yourself” mentality of the maker culture (Martinez and Stager, 2019; Graça et al., 2020). Using this pedagogical approach, students are encouraged to develop their skills autonomously, interactively, and collaboratively through the construction, creation, testing, and problem-solving involved in their projects. The focus on the STEAM approach promotes learning through experimentation, one of the most widely used methods in Brazil (Pugliese, 2020). By implementing active methodologies, students have the opportunity to engage with scientific, technological, and artistic knowledge in an inventive and investigative manner.

However, a critical literature analysis reveals significant challenges in the practical implementation of STEAM. While its potential for engagement and interdisciplinarity is widely recognized, several studies point to weaknesses that can compromise the depth of learning. A common criticism is the tendency for projects to prioritize the practical and technological component at the expense of a solid conceptual foundation, leading to a potentially superficial understanding where students are “doing” without necessarily “understanding” the underlying scientific principles (Perignat and Katz-Buonincontro, 2019). This scenario highlights a crucial gap: the need for a robust theoretical framework that guides the integration of disciplines in a way that ensures engagement and meaningful cognitive internalization of concepts.

This is where David Ausubel’s Meaningful Learning Theory (MLT) offers a robust complementary framework. While STEAM provides the engaging, hands-on, and interdisciplinary methodology, MLT provides the cognitive “glue” that ensures new information is non-arbitrarily and substantively integrated into the learner’s pre-existing cognitive structure (Ausubel, 2012). The state of the art in educational research shows a growing, but still incipient, interest in connecting active methodologies with cognitive theories. Some recent studies have begun to explore this interface, suggesting that the combination can lead to more effective learning outcomes (Ferreira et al., 2020, 2022). However, a specific research gap is evident: there is a lack of structured teaching proposals that explicitly and systematically articulate the principles of MLT (such as advanced organizers, progressive differentiation, and integrative reconciliation) with the stages of a STEAM project, especially in the context of elementary school astronomy education.

The focus on the STEAM approach, by fostering learning based on experimentation and the connection between the aforementioned knowledge areas, offers an ideal scenario for the application of Ausubel’s meaningful learning theory (MLT). While STEAM proposes an interdisciplinary and practical methodology that sharpens students’ curiosity and investigative reasoning, MLT complements this perspective by emphasizing the importance of the coherent and substantive integration of newly acquired knowledge. Therefore, when students are exposed to educational experiences that combine the exploratory practice of STEAM with the cognitivist principles of MLT, new concepts are not only introduced but also deeply internalized and understood, facilitating a process of progressive differentiation and integrative reconciliation. In this way, the combination of these approaches not only enriches the educational experience but also ensures that learning becomes an effective and lasting process (Ausubel, 2012; Ferreira et al., 2020, 2021a, 2022, 2023a, 2023b, 2025).

Therefore, this study addresses this identified gap by developing and implementing a teaching framework that hybridizes STEAM and MLT. Our position is that MLT directly counteracts the main weaknesses of STEAM by providing a precise cognitive sequence for organizing instruction. In this hybrid framework, the hands-on, interdisciplinary activities characteristic of STEAM is strategically planned and sequenced according to the principles of MLT. The advanced organization phase (from MLT) ensures students’ prior knowledge is activated before engaging in STEAM projects. The progressive differentiation phase is operationalized through the distinct stages of the STEAM project (Science, Technology, Engineering, Arts, Mathematics), allowing for a gradual and connected construction of knowledge. Finally, the integrative reconciliation phase is achieved through synthesizing and applying knowledge in the final project, a cornerstone of the STEAM approach.

This integrated framework represents an advanced field because it offers a theoretically grounded model to prevent superficiality in STEAM projects. It provides teachers with a clear structure to ensure that the engaging “making” process is intrinsically linked to the “meaning-making” process, leading to a more profound and lasting understanding of astronomical concepts.

As widely known, meaningful learning occurs when new knowledge is integrated in a substantive and non-arbitrary manner with pre-existing conceptual objects. “Meaningful learning occurs when the new material to be learned is related to relevant concepts or propositions already existing in the individual’s cognitive structure in a non-arbitrary and substantive way” (Ausubel, 2003, p. 33). Thus, understanding how meaningful learning occurs is crucial for pedagogical practice. By considering the student’s prior cognitive structure as a key element for learning, teachers can develop pedagogical strategies that promote the construction of knowledge in a meaningful way. Identifying subsumers, it is possible to connect new information to the student’s prior knowledge and promote more meaningful and lasting learning.

The student’s cognitive structure can be modified through principles related to efficient content programming, which can be applied regardless of the knowledge area. We call these principles subsumers, advanced organizers, progressive differentiation, integrative reconciliation, sequential organization, and consolidation or accommodation, as shown in Figure 1 (Ausubel, 2012; Ferreira et al., 2020, 2021a, 2022, 2023a, 2023b, 2025; Silva Filho and Ferreira, 2022).

[image: Flowchart illustrating six principles. 1: Subsuncers, related to prior knowledge. 2: Advanced Organization, for cognitive preparation. 3: Progressive Differentiation, for organizing content. 4: Integrative Reconciliation, examines relationships. 5: Sequential Organization, optimizes learning. 6: Consolidation or Accommodation, ensures topic absorption.]

FIGURE 1
 Description of principles related to efficient content planning. Source: prepared by the authors.


Teaching materials designed to promote meaningful learning are called potentially meaningful materials, and they must have the property that they must connect to the learner’s cognitive structure in a non-arbitrary way. It is this last constraint that makes these materials only potentially meaningful, since cognitive structures of students may vary, sometimes to a greatly extent. The flexibility of games may help giving these materials their meaningful property (Vilaça et al., 2013; Ausubel, 2012; Ferreira et al., 2020).

It is crucial to acknowledge students’ prior knowledge, even if incomplete or incorrect, to create learning situations that help them assign meaning to the topics being taught (Batista and Gomes, 2021). A crucial stage in meaningful learning involves the teacher making a bridge between students’ prior knowledge and the new content to be taught - what is known as the advanced organization stage. This well-planned stage significantly increases the likelihood of student engagement and success in subsequent phases (Silva Filho and Ferreira, 2022).

In pursuing astronomy teaching that fosters meaningful learning and addresses the aforementioned deficiencies, we argue that teachers must create learning situations during the advanced organization process to enrich students’ experiences. This challenge in basic education can be addressed by leveraging the full pedagogical potential of planetariums, moving beyond their use solely for tourism, leisure or scientific dissemination (Vilaça et al., 2013).



3 Methodological approach


3.1 Research design and context

This study adopts a qualitative descriptive approach, focusing on analyzing and interpreting theoretical data without employing statistical techniques (Batista and Fusinato, 2015; Creswell, 2014). The qualitative approach is particularly suitable for this research, as it allows for an in-depth understanding of the phenomena under investigation, emphasizing the participants’ perspectives and experiences (Merriam and Tisdell, 2016).

More specifically, this research can be characterized as an instrumental case study (Stake, 1995), as it examines the implementation of a specific teaching proposal (the case) to provide insight into the broader issue of integrating STEAM and Meaningful Learning Theory in astronomy education. In terms of participant selection, a non-probabilistic, intentional sampling technique was employed (Patton, 2015). The sample consisted of a single 9th-grade class from a private school. This choice was justified by the researchers’ access to the field and the class’s typicality regarding the age group and curriculum content relevant to the research objectives, thus facilitating an in-depth analysis of the phenomenon within a defined context.

In terms of methodology, this research employs participant observation, specifically characterized as natural participant observation, since the researcher is already a member of the community being studied. This approach enables the researcher to assume an active and interactive role, engaging deeply with various aspects of the observed phenomenon (Angrosino, 2007). To manage potential bias arising from this insider role, reflexivity and peer debriefing strategies were employed throughout the research process. The lead researcher maintained a reflexive journal to critically examine their own influence, assumptions, and interactions during the study. Furthermore, regular debriefing sessions were held with other co-authors who were not directly involved in the data collection and acted as critical peers to challenge interpretations and minimize subjective bias. The naturalistic setting of the research ensures that the data collected reflects the authentic behaviors and interactions of the participants (Lincoln and Guba, 1985).



3.2 Teaching proposal structure and implementation

The teaching proposal is structured into 13 in-person classes, divided into three distinct stages. Additionally, asynchronous activities were assigned to students for completion at home. Figure 2 outlines the themes covered in each module.

[image: Three stages of educational content on the solar system. Stage 1: Identification with one lesson, employing a questionnaire. Stage 2: Advanced organization with three lessons, involving group and individual activities, including a planetarium visit. Stage 3: Progressive differentiation with four units covering the sun, Earth, satellites, and other solar system bodies across sections with three lessons each. Topics include solar characteristics, Earth's movements, life possibilities beyond Earth, and satellite significance.]

FIGURE 2
 Presentation of the proposal stages. Source: prepared by the authors based on Reinisz (2024).




3.3 Advanced organization

This initial stage aimed to activate students’ prior knowledge (subsumers) and create a conceptual anchor for new learning.


	• Activity 1 (Diagnostic Questionnaire): Students answered a questionnaire with 15 questions designed to map their prior knowledge. The questions were structured based on the revised Bloom’s Taxonomy, covering remembering, understanding, and applying levels, and focused on basic concepts of the solar system (planetary order, basic characteristics) (Johnson et al., 2014).

	• Activity 2 (Collaborative Group Activities): Students, organized into small heterogeneous groups, engaged in structured activities including fill-in-the-blank exercises and column-matching activities. Each group received one activity at a time, fostering collaboration and discussion. After completion, groups presented their answers to the class, promoting peer learning (Brookfield and Preskill, 2005).

	• Activity 3 (Interactive Quiz): An individual low-stakes quiz was conducted using the Quizizz platform, featuring 20 questions of varying complexity (true/false and multiple-choice) to reinforce concepts playfully (Wang, 2015).

	• Activity 4 (Planetarium Visit): Students visited the Rodolpho Caniato Planetarium.1 The session focused on the solar system, and a subsequent discussion, guided by the teacher, explicitly connected the visual experience to the concepts that would be studied later, such as gravity (Kolb, 2014).





3.4 Progressive differentiation (STEAM integration)

This stage involved the gradual and differentiated content exploration through interdisciplinary activities, explicitly addressing each component of STEAM.


	• Science: Classes focused on the structure of the solar system, Kepler’s laws, and the law of universal gravitation. Discussions connected these concepts to the observations made at the planetarium.

	• Technology: Use technological tools to explore the solar system, including observation equipment, satellites, and space missions.

	• Engineering: Students designed and built a scaled solar system model. This hands-on project required solving problems related to accurately representing vast distances and relative sizes within the classroom space, applying engineering design principles.

	• Arts: Students engaged in artistic expressions related to the theme, such as creating paintings of planets, designing informational posters, and developing the visual layout for the final exhibition of their projects.

	• Mathematics: Mathematical concepts were applied to understand astronomical scales. Students performed calculations involving ratios, proportions, and powers of base 10 to determine the correct scales for their solar system model and to comprehend interplanetary distances.



Thus, this approach adheres to the STEAM perspective by fostering interdisciplinary learning and encourages students to apply knowledge across different domains (Yakman, 2008).



3.5 Integrative reconciliation

This phase aims to integrate the concepts and skills acquired across the different areas of knowledge explored during progressive differentiation.


	• Final Project “Solar System Exhibition”: The main activity was the development of a collaborative project where students applied all acquired knowledge and skills to create a comprehensive exhibition for the school’s science fair (Hmelo-Silver, 2004). The project involved the construction of a functional prototype demonstrating the translational and rotational movements of celestial bodies, the display of the scaled solar system model, and the presentation of informational lapbooks and mind maps.

	• Group Discussions: Students participated in guided discussions to articulate the connections between the concepts learned across the different STEAM areas, promoting integrative reconciliation.

	• Mind Map Creation: Students individually created mental maps of the solar system. This activity served as a cognitive organization and assessment tool, allowing them to visually represent the connections between concepts, such as linking gravity to orbital motion.





3.6 Data collection

Data collection took place during the first semester of 2023, specifically between March 10 and July 10, involving a group of 22 students (10 girls and 12 boys) in the 9th grade of an elementary private school in Araruna, located in the central-west region of Paraná, Brazil. The number of students participating in this qualitative research is considered sufficient to support the sample for the proposed objectives. Unlike the numerical representation predominant in quantitative research, the qualitative approach focuses on the participants’ ability to provide substantial information and meaning related to the topic. The validity of the sample, therefore, resides in the quality of individual contributions and their ability to lead to theoretical saturation of the data, where new information does not add significant insights to the understanding of the phenomenon.

The research corpus was composed using the following instruments:


	• Questionnaires: These were designed to assess students’ prior knowledge and their understanding of key concepts related to the solar system. The questionnaire was developed based on the learning objectives and its content validity was reviewed by two experienced science education researchers (Cohen et al., 2018). The full instrument is available in Reinisz (2024).

	• Mind maps: They were used to visualize students’ understanding and organization of knowledge (Petchenik, 1995). The evaluation of mind maps was guided by the criteria established by Batista and Gomes (2021), which emphasize the clarity, coherence, and depth of the connections made by students.

	• Researcher’s field diary: This instrument was used to record observations, reflections, and interactions during the research process. This resource is essential in qualitative research, as it allows the researcher to document the context and nuances of the observed phenomena (Emerson et al., 2011).



The data analysis followed a descriptive qualitative approach, employing systematic procedures to ensure reliability and transparency. The unit of analysis was defined as the individual student’s productions and textual responses. The analytical process, guided by Creswell (2014), involved the following stages:


	• Preparation and Familiarization: All data were organized and reviewed to understand the content.

	• Inductive Coding: Inductive coding was applied for open-ended responses and field diary observations, allowing themes to emerge directly from the data without a pre-imposed framework.

	• Deductive Coding Scheme for Mind Maps: The analysis of mind maps was guided by a deductive scheme based on the criteria of Batista and Gomes (2021), focusing on clarity, coherence, and depth of connections. Specifically, we looked for evidence of key concepts (“gravity,” “gaseous planet”), simple connections (“Sun → provides light”), and complex/integrative connections (“planet mass → gravitational force → orbit”).

	• Theme Identification: Codes were subsequently grouped into broader themes that captured significant student perceptions and understanding patterns.

	• Credibility Strategies: To ensure the trustworthiness of the analysis, multiple strategies were employed:

	• Triangulation: Different data sources (questionnaires, mind maps, observations) were cross-referenced to corroborate findings.

	• Researcher Conferencing: Two researchers discussed and refined Initial codes and themes until a consensus was reached.

	• Audit Trail: The analytical decision-making process, from raw data to identifying final themes, was documented to provide transparency.



To illustrate the procedure, an example of the analysis of an open-ended response is provided: Raw Data: “At the planetarium, I understood that the force that keeps the Moon orbiting the Earth is the same one that keeps us on the ground.”


	Code: Gravity as a universal force.

	Theme: Conceptual integration of gravity.





3.7 Assessment

Assessment was continuous and formative, aligned with the proposal’s objectives. It was based on multiple instruments: is based on participation, the development and presentation of projects, mind maps, questionnaires, and all other documents produced by students during the teaching proposal, as shown in Figure 3. The focus was on evaluating the ability to integrate concepts and skills from the different areas of knowledge.

[image: Assessment methods diagram showing four types: Quizzes (multiple choice questions), Group Discussions (indicators include participation and argument skills), Mind Maps (conceptual connection and creativity), and Interdisciplinary Projects (integration and originality). Each uses a scale: Excellent to Non-existent.]

FIGURE 3
 The assessment of the proposal. Source: prepared by the authors.


This holistic approach to assessment aligns with the principles of formative assessment, which emphasizes the ongoing learning process and the development of higher-order thinking skills (Black and Wiliam, 1998).



3.8 Ethical considerations

This study was conducted per the ethical guidelines for research with human subjects and was approved by the Research Ethics Committee of the Federal University of Technology - Paraná (UTFPR) opinion number 4.993.567. Before data collection, informed consent was obtained from the students’ parents/guardians and the school administration. Participants were clearly informed about the research objectives, the voluntary nature of their participation, and their right to withdraw at any time without penalty. To ensure anonymity, all identifying information was removed from the collected data, and participants are referred to by non-identifiable codes (Student 1, Student 6) throughout the manuscript. The students’ images were blurred to hide their identification.




4 Results

This section presents the findings obtained from implementing the teaching proposal, organized systematically according to the primary data collection instruments: assessment results, analysis of student productions (models and mind maps), and content analysis of open-ended responses.

To address the research question regarding the influence of the integrated STEAM-MLT approach on student understanding (RQ1), student learning was evaluated through a combination of a post-intervention quiz, graded project presentations, and mind map analysis. A comparative study between the post-intervention quiz and the initial diagnostic questionnaire revealed a marked improvement in the class’s overall performance. Analysis of the Quizizz scores from the diagnostic and post-intervention phases showed a clear positive shift. The number of students achieving a ‘high understanding’ score (above 80%) increased from 3 (14% of the class) in the diagnostic to 14 (64% of the class) in the post-intervention assessment. Student outcomes were categorized into three levels based on a holistic analysis of all assessment instruments. A significant portion of students demonstrated an Advanced level of understanding, characterized by their ability to articulate complex connections between concepts such as gravity, orbital motion, and planetary characteristics. Most students achieved proficiency, accurately describing individual concepts and their fundamental interrelations. A smaller group of students was classified as Developing, showing solid recall of basic facts but facing challenges in integrating concepts across the different STEAM areas in a synthesized manner. This distribution indicates a positive shift towards more meaningful and integrated knowledge construction among most participants.

The analysis of the tangible outcomes from the hands-on activities provides evidence related to RQ1 and RQ2, concerning interdisciplinary integration and meaningful learning. A systematic review of the final projects and lapbooks revealed that 18 out of 22 groups (82%) successfully integrated concepts from at least three different STEAM areas in their final exhibition, providing concrete evidence of interdisciplinary application. The construction of the scaled solar system model required students to apply mathematical reasoning (scale and proportions) and engineering design principles, resulting in a functional representation that was later showcased at the school’s science fair (Figures 4a,b). The final collaborative project, the “Solar System Exhibition,” was the primary outcome of the integrative reconciliation phase. Students successfully created a prototype simulating planetary motions, effectively communicating the concept of orbits governed by gravitational force to the school community. Furthermore, the lapbooks and mental maps produced by students served as evidence of knowledge consolidation.

[image: (a) A group of people gathers in a dimly lit room decorated with glowing stars and planets hanging from the ceiling. Colored lights create a festive atmosphere. (b) Several children in school uniforms are interacting with a science display, observing a model of the solar system on a table in a brightly lit classroom.]

FIGURE 4
 Student engagement and project outcomes. (a) Students presenting their work at the school science fair, demonstrating communication skills and engagement. (b) The functional prototype of the solar system built by students, showcasing the application of engineering and mathematical principles to model astronomical phenomena. Source: personal file (2024).


The mental maps, in particular, varied in complexity, with some demonstrating simple linear connections (Figure 5) and others showcasing a rich, non-linear structure with multiple branches integrating concepts like space–time curvature (Figure 6).

[image: Diagram explaining the Solar System with text and arrows. Planets listed include Sun, Mercury, Venus, Earth, Mars, Jupiter, Saturn, Uranus, and Neptune. Descriptions detail the composition of planets, the Solar System's origin, and the central Sun's role, including gravitational and mass attributes. Arrows connect a central "Solar System" label to these descriptions, highlighting how proximity affects temperature and gas quantity, and detailing the Solar System's structure and composition.]

FIGURE 5
 Mind map demonstrating initial conceptual integration. This mind map, created by Student 6, shows a foundational understanding with primary branches connecting key concepts, illustrating the successful initial organization of knowledge following the teaching sequence. Source: Student 6 (2024).


[image: Diagram illustrating various facts about the Solar System, including the Earth's geoid shape, solar and lunar eclipses, and the possibility that Mars could become a second home. It references the theory of Earth's origin from a collision with Theia, Earth's unique liquid water, and notes about Uranus's discovery. It mentions one million Earths fitting inside the Sun, Newton's theory of sunlight division into seven colors, and the gravitational field under the Theory of Relativity. A black hole diagram and color spectrum are also depicted.]

FIGURE 6
 Mind map evidencing advanced integrative reconciliation. This complex mind map by Student 1, with multiple branches and connections (e.g., linking gravity to space–time curvature), provides strong evidence of meaningful learning and deep conceptual integration achieved through the STEAM-MLT approach. Source: Student 1 (2024).


In general, all the maps produced at the end of the implementation satisfactorily addressed the theme’s content. Some maps had a narrower scope, reinforcing the prior knowledge initially identified. In comparison, others demonstrated a broader scope, highlighting a direct connection between prior knowledge and the new concepts studied during the progressive differentiation process.

To gain insight into the perceived impacts on engagement and conceptual internalization (RQ3), a qualitative content analysis was performed on responses to open-ended questions, such as “What did I learn at the planetarium?” The coding process revealed emergent categories that reflect the internalization of key concepts. The analysis indicated that the most prevalent themes among student responses were “Gravity as an orbital force” and “Differentiation between rocky and gaseous planets,” which appeared consistently across most submissions. A substantial number of responses also referenced the “Mathematical scale of the solar system,” demonstrating an appreciation for quantitative aspects. Other notable, though less frequent, themes included “Relation between mass and gravitational force” and “Scientific models as representations,” which appeared in a meaningful subset of the answers.

The credibility of the findings is strengthened by the triangulation of data from different sources, which revealed converging evidence of student learning. A clear example is the understanding of gravity. This concept was not only frequently articulated in open-ended responses (Student 2’s explanation of mass and attraction) but was also structurally integrated into the more complex mind maps (Figure 6), which linked it to orbital motion. Quantitatively, this was reflected in the post-intervention quiz, where a significant increase in correct answers to questions about gravity was observed. Similarly, the field diary consistently noted high levels of engagement and collaborative problem-solving during the engineering and design phases, a finding corroborated by the high percentage of final projects (82%) that successfully synthesized concepts from multiple STEAM areas. This consistency across diverse data types, direct statements, cognitive organization, observed behavior, and quantitative metrics, provides robust, multi-faceted support for the effectiveness of the intervention.



5 Discussion

This study aimed to develop and evaluate an interdisciplinary teaching proposal for the solar system that integrates the STEAM approach with Ausubel’s Meaningful Learning Theory (MLT). The discussion interprets the results within the context of existing literature, highlighting the novel contributions of this hybrid framework.

The significant improvement in assessment scores and the depth of connections observed in student mind maps suggest that the integration of MLT effectively addressed common weaknesses of STEAM initiatives. Previous research has cautioned that STEAM activities can sometimes prioritize engagement and product creation over deep conceptual understanding, potentially leading to superficial learning (Schweingruber et al., 2014; Perignat and Katz-Buonincontro, 2019). Our proposal countered this by using MLT principles as a structural backbone. The advanced organization phase (planetarium visit, diagnostic activities) ensured new knowledge was anchored to relevant subsumers. The progressive differentiation phase was explicitly mapped onto the sequential exploration of each STEAM area, allowing for a gradual build-up of concepts. Finally, the integrative reconciliation phase was not left to chance but was engineered through the final exhibition project and mind mapping, which required students to synthesize knowledge. This structured approach differs from conventional STEAM by ensuring that the “A” for Arts and the “T” for Technology are not merely motivational add-ons but are integral to a cognitively sequenced learning process, a synergy suggested by Ferreira et al. (2022) but operationalized here in a detailed teaching proposal.

The content analysis of student responses, particularly the high frequency of codes like “Gravity as orbital force,” demonstrates that students moved beyond rote memorization to achieve a substantive, non-arbitrary integration of concepts. This aligns with Ausubel (2012) core premise that learning is meaningful when new ideas are related to existing cognitive structures. The STEAM approach provided the multifaceted experiences necessary to create these connections. For instance, building the physical model (Engineering) forced a practical engagement with mathematical scale (Mathematics), giving concrete meaning to the planetary characteristics learned in Science class. This finding reinforces the argument by Yakman (2008) that integrated knowledge is more readily internalized. However, our study extends this by showing that when these experiences are deliberately planned within an MLT framework, the resulting learning exhibits the characteristics of integrative reconciliation, as visually evidenced by the complex branches in mind maps like the one in Figure 6.

The positive outcomes, including high student engagement and the quality of the final projects, indicate that the proposed hybrid framework is a practical and effective model for astronomy education. It offers teachers a clear blueprint for designing interdisciplinary units that are both engaging and cognitively rigorous. In contrast to studies that apply STEAM or MLT in isolation (Maia et al., 2021; Silva Filho and Ferreira, 2022), this research provides a validated example of their integrated application. The main novelty of this discovery lies in giving a concrete pedagogical model that explicitly links the stages of a STEAM project to the cognitive processes of meaningful learning. For future research, we recommend exploring the application of this STEAM+MLT framework to other scientific topics and in different educational contexts.



6 Conclusion

The research demonstrated that 9th-grade elementary school students when exposed to a methodology integrating different areas of knowledge and emphasizing content significance, developed a deeper and more articulated understanding of astronomical concepts. They were able to solve problems similar to those studied during the implementation and gained a more interdisciplinary perspective supported by the STEAM approach. In short, the proposal developed in this study was innovative, practical, and applicable to the educational context analyzed.

The students’ mental maps analysis revealed significant improvement in their understanding of the solar system, indicating that the STEAM approach combined with MLT principles facilitates integrated and contextualized knowledge construction. The evaluation of the teaching proposal, based on results and student feedback, showed that the methodology sparked student interest and curiosity while fostering a collaborative and investigative learning environment. Experience reports indicate that interdisciplinary activities and advanced organizers significantly contributed to the internalization of astronomical concepts by the students.

This study reaffirms the importance of an educational approach that integrates different areas of knowledge and aligns with contemporary learning theories. The proposal enriches the school curriculum and prepares students for contemporary cognitive demands by promoting essential skills like critical thinking, logical reasoning, and scientific investigation.

In summary, based on MLT and the STEAM approach, the teaching proposal effectively addressed challenges in astronomy education, particularly in teaching the solar system. The integration of these frameworks led to meaningful and engaging learning, giving students a holistic view of the cosmos, and preparing them to be informed, aware citizens. Therefore, it is recommended that research and educational practices continue to explore and expand this approach, aiming for the ongoing improvement of astronomy education in elementary school.
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Footnotes

1   The Planetarium is a space dedicated to teaching, disseminating, and popularizing astronomy, located in Campo Mourão, Paraná, Brazil. It features a 7-meter diameter dome with capacity for 40 seats and a Titan digital fulldome projector. @poloastronomico_rcaniato and https://www.poloastronomicorcaniato.com/.
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