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Introduction: Organizing the primary education process within the framework of STEM education enhances students' scientific literacy, fosters the development of engineering skills, promotes analytical and critical thinking abilities, and increases interest in technical disciplines. This study is grounded in an integrative approach to organizing the primary education process through STEM education, focusing on the development of meta-subject skills in primary school students. Based on this integrative approach, a dedicated STEM-oriented educational program was developed.

Methods: The study was conducted in three stages: diagnostic, formative, and control. A pre-test and post-test design was employed to compare the outcomes of the control and Experimental classs. The Experimental class was taught using the newly developed STEM program, while the control class followed the traditional curriculum.

Results: All data were analyzed using the Mann–Whitney U test. The Shapiro–Wilk test was employed to assess the normality of data distribution. The pre-test results indicated that the initial knowledge levels of the two classes were comparable. However, the post-experimental findings revealed significant changes. A statistically significant difference was identified between the performance of the control and experimental classes, with the experimental class demonstrating superior outcomes. These results provide clear evidence of the effectiveness of the interventions implemented in the Experimental class. Overall, the findings confirm the reliability and validity of the study.

Discussion: The STEM-based educational program was tested during the experiment, and its effectiveness was evaluated through a comparative analysis of pre- and post-test results. The findings provide strong evidence in support of the effectiveness of the instructional approach applied to the Experimental class.
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1 Introduction

In a rapidly changing world, humanity constantly faces new challenges, and through the process of addressing them, it evolves and develops. Future professionals must be prepared to adapt swiftly to new conditions, respond to changes in the labor market, and acquire new skills that align with the fast-paced innovations in science, technology, and engineering. As noted in the Didactic Foundations for Implementing the STEM Approach in Education (Bilim berudegi STEM-tasilin iske asyrudyn didaktikalyk negizderi: adistemelik kural [Didactic foundations of implementing the STEM approach in education: methodological book], 2023), learners need to master a set of universal competencies that enable them to adapt to new realities, engage in lifelong learning, solve problems independently, and critically evaluate the outcomes of their efforts.

Achieving such educational outcomes is possible through the integration of STEM approaches in the learning process and the transition from a traditional subject-based model to a meta-subject framework centered on intellectual and cognitive activity. The novelty of this study lies in its integrative approach to organizing the primary education process through STEM education, aiming to foster the development of meta-subject skills in young learners. Although STEM education has been shown to enhance students' research and creative activity, this study specifically focused on examining its impact on the development of meta-subject skills among primary school students.

By addressing current challenges in STEM education in Kazakhstan, this research implements practice-oriented projects that promote the solving of experimental and technically focused tasks. The central aim of this study is to investigate the impact of STEM-based instruction, grounded in the theory of integrated learning, on the development of meta-subject skills in primary school students. Specifically, this study seeks to explore the potential of integrating science, technology, engineering, and mathematics in primary education and its influence on students' meta-subject skill development.

Fogarty (1991) identifies ten models for integrating the learning process: Fragmented Model, Connected Model, Nested Model, Sequenced Model, Shared Model, Webbed Model, Threaded Model, Immersed Model, Integrated Model, and Networked Model. These models illustrate different forms of integration across school subjects. An integrated or interdisciplinary curriculum is considered an effective and relevant approach for teaching 21st-century competencies and for applying interdisciplinary skills essential to addressing complex global challenges. Moreover, integrated curricula have been shown to contribute to positive learning outcomes and personal development (Drake and Reid, 2020). Building on this, Kelley and Knowles (2016) propose the conceptual foundation of integrated STEM education, which involves the unification of science (S), technology (T), engineering (E), and mathematics (M). Integrating STEM disciplines provides students with opportunities to develop interdisciplinary thinking, complex problem-solving abilities, and creative skills.

Integrating STEM disciplines in the learning process enhances student motivation and creativity. However, primary schools tend to lag behind secondary and high schools in implementing STEM technologies in their curricula. This study addresses that gap by focusing on the primary education context and introducing STEM-based instructional approaches that help develop essential 21st-century skills. STEM-oriented learning environments foster critical thinking, creativity, research skills, and meta-subject skills in students.

Furthermore, the study is grounded in the theory of integrated learning, which emphasizes students' ability to develop holistic knowledge by applying both interdisciplinary and intradisciplinary connections. STEM represents an integrated learning approach that promotes a holistic understanding of the world, facilitates the completion of engineering tasks, problem-solving, and engagement in research activities. This study is also informed by the theories of problem-based and project-based learning, highlighting the importance of fostering students' creative abilities through various technological styles by combining science, technology, engineering, and mathematics.

In this context, STEM serves as a tool for developing meta-subject skills in primary school students while also enhancing their critical and creative thinking. The study contributes to the field of education by demonstrating how a STEM-based program can be effectively implemented to foster meta-subject skills among young learners.

Although the number of studies highlighting the benefits of STEM education is growing, this research fills an important gap by focusing specifically on the organization of STEM instruction in the context of primary education and its impact on meta-subject skill development. The findings offer valuable insights into how interdisciplinary topics, research activities, and STEM projects can be designed and implemented. Additionally, the study advances understanding of the role of STEM technologies in education and the broader implications for teaching primary school subjects from a meta-subject perspective. It also proposes new strategies for fostering 21st-century competencies.

Thus, the research objective is to investigate the impact of STEM-based instruction on the development of meta-subject skills in primary school students. Based on it, the following research question guides the study:

(1) What is the impact of STEM-based instruction on the development of meta-subject skills in primary school students?



2 Literature review


2.1 STEM education in Kazakhstan

STEM education is rapidly developing as one of the key global educational trends and is increasingly being integrated into mainstream educational systems (Abylkassymova et al., 2024). In Kazakhstan, focused attention on STEM began around 2017, as part of initiatives to implement new innovation-driven projects based on science and technology. These efforts aimed to adopt international best practices, prepare Kazakhstani students for technological innovation, bridge the gap between education and future careers, and stimulate interest in technical disciplines.

Currently, Kazakhstan is witnessing the establishment of STEM centers, the opening of specialized STEM classrooms, the development of STEM-oriented curricula, and the hosting of international conferences on STEM education. In 2023, the Ministry of Education of Kazakhstan introduced the “Concept of STEM Education” (STEM - bilim beru tuzhyrymdamasy [The concept of STEM education], 2023) as part of a national strategy to modernize and improve the education system. This concept emphasized the need to incorporate STEM education across all levels of schooling, from early childhood education to primary and secondary levels.

Kazakhstan has achieved notable progress in applying STEM technologies in disciplines such as robotics (Karataev et al., 2024), physics (Zhandarbayeva et al., 2025), engineering, and computer science (Ramankulov and Gench, 2025). Educational institutions such as STEM Academia, STEM Inventor, and Quantum-STEM were established to support the advancement of STEM education. These initiatives reflect Kazakhstan's growing commitment to equipping students with scientific knowledge (Abdrakhmanova and Kudaibergenova, 2023), competencies in engineering and technological fields (Baiganova and Nauryzova, 2024), analytical skills (Maratova et al., 2023), and critical thinking abilities (Iskakova et al., 2023).

As a result, the popularity and implementation of STEM education in Kazakhstan are expanding rapidly, not only in schools (Kadirbaeva and Zhitabay, 2025; Ospanbekova et al., 2024) but also across higher education institutions (Mukhamediyeva et al., 2023).

STEM education is a comprehensive approach that emphasizes teamwork, project-based learning, the use of modern technological tools, and the integration of multiple disciplines. It supports creativity, problem-solving, and innovation through interdisciplinary teaching and progressive instructional strategies (STEM - tekhnologiya negizinde orta bilim beru mazmunyn kajta kurylymdau [Restructuring the content of secondary education based on STEM technology], 2022).



2.2 Integration of science, technology, engineering, and mathematics (integrated STEM education)

Various definitions of integrated STEM education have been proposed in academic literature and methodological guidelines. For example, Satylmysh et al. (2025) define integrated STEM education as a pedagogical approach that promotes students' holistic and meaningful understanding of the four components—science, technology, engineering, and mathematics—through project-based, problem-based, and experiential learning. More specifically, integrated STEM education is viewed as an interdisciplinary instructional approach that merges the four domains of STEM to support cross-curricular learning (Havice et al., 2018). According to Thibaut et al. (2018), integrated STEM represents a novel educational strategy that fosters student interest across all STEM disciplines. English (2016) also highlights that integration in STEM education is achieved through interdisciplinary, inquiry-based methods.

A common theme across these definitions is the unified treatment of science, technology, engineering, and mathematics as interconnected disciplines. However, Sun et al. (2025) point out that engineering remains the least integrated component among the four fields. Nevertheless, considering the growing importance of engineering in interdisciplinary STEM projects, it is essential to implement STEM instruction within an engineering context. Sanders (2009) described integrated STEM as “approaches that explore teaching and learning between/among any two or more of the STEM subject areas, and/or between a STEM subject and one or more other school subjects.”

In this regard, Martín-Páez et al. (2019) draw several important conclusions from their analysis of STEM education initiatives. First, the use of STEM terminology appears to play only a minor role at the theoretical level. Second, STEM education is often employed merely to describe learning outcomes in science, technology, engineering, and mathematics. Third, in many STEM programs, the connections between disciplines are not explicitly articulated. Fourth, students' cognitive and practical engagement, together with their intrinsic motivation, significantly enhances their interest in STEM subjects. Fifth, the design of STEM programs should be guided by the fundamental questions of where, how, for whom, and under what conditions they are implemented. Accordingly, the authors argue that STEM education should be understood as “an instructional approach that integrates the content and skills characteristic of science, technology, engineering, and mathematics” (Martín-Páez et al., 2019).

Scholarly research on integrated STEM education emphasizes several key dimensions:

A focus on problem-based and project-based learning (Alfer'yeva-Termsikos, 2025; Baiganova and Nauryzova, 2024; Reutskaya, 2021). In problem-based and project-based learning, students engage in addressing real-world problems.

The development of critical thinking, problem-solving, creative thinking, and research skills (Dosymov et al., 2025; Buzni and Osipenko, 2025; Kudaibergenova et al., 2022).

The impact of integrated STEM education on cognitive skills, as noted by Chen B. et al. (2025). Within the framework of STEM education, students acquire knowledge and learn to apply it in practice. When confronted with real-life challenges, they strive to solve complex problems by drawing on knowledge from multiple domains. In this context, reliance on a single disciplinary perspective is insufficient for effective problem-solving.

Nishanbayeva et al. (2021) argue that STEM education is especially effective for enhancing communication skills and fostering a more applied understanding of abstract academic content in primary school students.

The integration of science, technology, engineering, and mathematics is increasingly reflected in the content and curricula of primary education, including textbooks and teaching materials. For instance, integration in STEAM education has been extensively examined, with mathematics content being linked to topics from science, Russian language, native language, English, technology, and even historical knowledge (Tulentayeva et al., 2023). According to Karataev et al. (2024), developing conceptual understanding in these subjects during the early grades fosters interdisciplinary thinking in students.

Moreover, STEM-integrated lessons deepen students' understanding of STEM concepts and provide insights into the successes and challenges of integrated instruction (Menon et al., 2025). Despite these advances, researchers in the field of education have reported that teachers often face difficulties in establishing meaningful connections among STEM disciplines (Kelley and Knowles, 2016).

This challenge underscores the relevance and significance of the present study, which seeks to explore and address the complexities of implementing integrated STEM education, particularly at the primary level.



2.3 Draw-A-Scientist Test (DAST)

To assess students' perceptions of scientists in the context of STEM education, the Draw-A-Scientist Test (DAST) was employed (Luo and So, 2023). The instrument was originally developed by Chambers (1983), and it has since been widely applied in numerous studies (Fung, 2002; Ferguson and Lezotte, 2020; Medina-Jerez et al., 2011).

In analyzing students' drawings, researchers typically focus on indicators such as laboratory coats, glasses, scientific instruments, and the overall depiction of the scientist's appearance. These visual representations provide insight into how students conceptualize scientists (Farland-Smith, 2012). Findings from multiple studies indicate that students often portray scientists as male figures who spend their lives in laboratories conducting dangerous experiments. Research also shows that elementary students' stereotypes are more often associated with the scientist's work than with physical appearance. Importantly, such stereotypes influence students' attitudes toward science (Losh et al., 2008) and may later affect their career choices (Farland-Smith et al., 2014).

Therefore, educators are encouraged to use science education as a means to cultivate more accurate and authentic understandings of scientists and their work (Emvalotis and Koutsianou, 2018). As noted by Bartels and Lederman (2022), scientific literacy is the primary goal of early science education. Teachers of science thus play a critical role in challenging stereotypical perceptions (Finson, 2002). Furthermore, (Farland-Smith 2009) demonstrated that students' ideas of who scientists are, where they work, and what they do are shaped by cultural experiences.

Against this backdrop, the present study draws on insights from DAST research by employing drawing-based procedures to explore students' perceptions of science, technology, engineering, and mathematics.



2.4 Meta-subject skills

In the Kazakhstani education system, the scientific theory of meta-subject education is still in its formative stages. Notably, the term “meta-subject” has yet to be included in Kazakh explanatory dictionaries, which reflects its novelty within the national pedagogical discourse. The core concept of this study—meta-subject—is relatively new in Kazakhstani pedagogical science and is only beginning to be explored.

One of the first researchers to address the issue of meta-subject instruction in primary education in Kazakhstan was Zhumabayeva et al. (2021). Subsequent studies have examined related aspects: Turysbayeva and Turalbayeva (2024) explored the use of formative assessment to support the development of meta-subject outcomes in primary school students; Ospanbekova et al. (2024) investigated the pedagogical conditions necessary for implementing meta-subject instruction in primary education; and Zhussip et al. (2025) proposed a functional model for developing universal learning activities in young learners.

Two of the most influential scholarly traditions in the theoretical and practical development of the concept of “meta-subject” are the research schools by Gromyko and Khutorskoy, who are considered pioneers in the field. According to Khutorskoy (2012), the meta-subject approach is “not only an activity-based dimension of a subject but also a foundational element of the subject itself.” Gromyko (2004) defines the foundation of meta-subject as “the integration and unification of parts into a unique and holistic system.”

Meta-subject skills refer to a set of actions that enable learners to acquire new knowledge independently, develop skills and abilities, and manage their learning processes (Asmolov et al., 2014). The concept of meta-subject is viewed as a universal attribute of educational systems, supporting the integration of scientific knowledge and the formation of a holistic worldview (Saudabayeva and Sholpankulova, 2020). Meta-subject skills allow primary school students to perceive the world as an integrated whole.

In this context, the development of assessment tools for diagnosing meta-subject outcomes through the integration of multiple school subjects is seen as a promising direction (Aytbaev et al., 2023). However, a review of domestic research reveals a significant gap in the study of how meta-subject skills can be developed in primary school students within the context of STEM education.

Therefore, the current study aims to examine the effect of STEM-based instruction on developing meta-subject skills in primary school students by structuring the learning process around integrated, interdisciplinary methods.

Moreover, research has shown that meta-disciplinary skills are often referred to as non-cognitive skills. Recent studies increasingly highlight the critical role of non-cognitive skills as a key determinant of academic success in STEM education. For instance, Sultanova and Shora (2024) demonstrate the significant influence of non-cognitive skills on students' performance in secondary school STEM subjects. Non-cognitive skills encompass a wide range of attributes that substantially contribute to achievement in STEM domains (Han et al., 2020). These skills enable students to solve problems, grasp complex concepts, and sustain focus when completing tasks.

Effective collaboration, in particular, transforms teamwork into a non-cognitive skill that supports the implementation of scientific research and engineering projects. In this regard, cooperative interaction becomes essential for advancing knowledge, while well-executed STEM education fosters students' critical thinking, pedagogical skills, and practical experiences (Upadhyay et al., 2021a). As noted by Upadhyay et al. (2021b), “STEAM education provides learners with opportunities to interpret and make sense of the world in broader ways than simply engaging in project-based tasks or studying natural sciences.”

Schiepe-Tiska et al. (2021) integrate both cognitive and non-cognitive outcomes under the concept of multidimensional educational goals, emphasizing their importance in STEM learning. At this developmental stage, students refine their self-concepts and clarify their relationships with peers and the wider world, marking a decisive phase in personal development. Similarly, Dweck et al. (2014) associate non-cognitive skills with academic perseverance, characterized by: (1) a sense of academic and social belonging; (2) engagement in learning with a positive attitude toward effort and novelty; (3) persistence in the face of difficulties; and (4) the ability to sustain long-term commitment while developing new strategies for effective progress.

In summary, non-cognitive skills hold a pivotal place in STEM education. Their development within STEM contexts is essential for fostering the holistic growth of students and equipping them with the adaptability needed to succeed in an ever-changing world.




3 Methods


3.1 Research design

This study aimed to evaluate the impact of organizing the educational process within the framework of STEM education on the development of meta-subject skills in primary school students. Specifically, we examined students' attitudes toward integrated instruction in science, technology, engineering, and mathematics (STEM), as well as their cognitive, communicative, self-regulatory, and personal universal learning activities through diagnostic methods.

The design of the study, aligned with the research questions, is presented in Table 1.

TABLE 1 Research design.




	Component
	Control class
	Experimental class
	Additional notes





	Methods
	Lessons are organized in a pilot format.
	Lessons are conducted within the framework of STEM-based education.
	Data collected through tests and surveys



	Sample size
	17 students
	18 students
	The same students from the intervention (N = 18)



	Research questions
	–
	What is the impact of STEM-based instruction on the development of meta-subject skills in primary school students?



	Data analysis
	Pilot study
	STEM education
	Classroom Observations: – Coding – Mann-Whitney Test.






The objective of the data analysis is to uncover the underlying patterns, trends, and relationships within the contextual framework of the study (Brown, 2024). Data for this research were collected from primary school students attending a public comprehensive school in Shymkent city, Kazakhstan.



3.2 Research sample

The study was conducted among second-grade students at a public general education school in Shymkent, Kazakhstan. This institution is a state-run primary and lower secondary school, which makes the findings potentially relevant to other schools of a similar type across the country. The school employs 40 primary teachers and serves 928 primary students in total. For this study, 35 second-grade students were recruited with the consent of their parents and school administration. Primary schoolchildren were assigned to two classes: a control class (n = 17; 10 boys, 7 girls) and an experimental class (n = 18; 9 boys, 9 girls). The overall sample consisted of 21 boys and 14 girls, aged 7–8 years (M = 7.5).

Second-grade students were selected because learners at this age typically demonstrate strong motivation to study and begin to develop the foundational elements of meta-subject skills. Integrating STEM-based approaches from the early grades provides opportunities to foster critical thinking, problem-solving, and inquiry-oriented activities.

The control class was taught through a traditional curriculum, whereas the Experimental class participated in lessons based on a specially designed STEM-Based Instructional Program. The program comprised 12 h of theoretical and practical learning activities aimed at stimulating interest in scientific and technical inquiry, developing spatial understanding, investigating lunar phases, exploring elements of astronomy, and engaging in engineering tasks.

STEM-integrated lessons were delivered once per week across 12 sessions. All sessions were taught by a researcher–teacher with prior training in STEM pedagogy to ensure consistency in implementation and alignment with research objectives. Lessons were conducted with the approval of school administrators and organized in a way that did not interfere with the students' core curriculum.



3.3 Research instruments

To collect data for the study, two primary instruments were employed:


3.3.1 Draw-A-Scientist Test (DAST)

This test was used to assess students' perceptions and stereotypes of scientists, thereby identifying their attitudes toward science, technology, engineering, and mathematics (STEM) subjects. Students were asked to draw a picture of a scientist. The analysis of the drawings was guided by the criteria proposed by Chambers (1983). The evaluation focused on identifying stereotypical features commonly associated with scientists working in scientific domains. These criteria included:

- Laboratory coat

- Glasses

- Beard or unusual hairstyle

- Chemical flasks or test tubes

- Labels such as “laboratory” or “experiment”

- Technical devices

- Isolation (working alone in an enclosed space)

Each feature was coded binarily (0 = absent, 1 = present). The total score represented the degree to which the student's drawing reflected a stereotypical perception of a scientist.

Scoring Criteria:

- 6–7 points: High level of stereotypical representation

- 3–5 points: Moderate level of stereotypical representation

- 0–2 points: Low level of stereotypical representation

The DAST is a qualitative method, and indeed, the high variability of drawings can create challenges in interpretation. In our analysis, considerable variation was observed in how scientists were depicted, which sometimes complicated objective evaluation. Some students produced atypical representations—such as portraying a scientist as a robot, superhero, doctor, or fantastical character—requiring additional interpretative effort. Further difficulties arose with drawings that were highly schematic or contained minimal details, where it was not possible to reliably determine the presence of specific features (e.g., a laboratory coat or laboratory setting).



3.3.2 Author-developed assessment of meta-subject skills

A set of 12 tasks was designed to measure students' cognitive, self-regulatory, communicative, and personal learning skills (Table 2). Each correctly completed task is awarded 1 point.

TABLE 2 Types of tasks aimed at assessing meta-subject outcomes.




	No.
	Type of task
	Meta-subject skill
	Score





	1
	Transferring information from one symbolic system to another
	Cognitive
	1



	2
	Identifying similarities and differences; performing comparisons
	Cognitive
	1



	3
	Justifying the procedure for completing a task based solely on facts
	Personal
	1



	4
	Searching for and retrieving information and facts
	Cognitive
	1



	5
	Solving a problem
	Regulatory
	1



	6
	Making predictions
	Regulatory
	1



	7
	Asking and answering questions based on the learning material
	Communicative
	1






Scoring Criteria:

- 6–7 points: High level of competency

- 3–5 points: Moderate level

- 0–2 points: Low level




3.4 Data analysis

Statistical analysis was conducted to determine whether there were significant differences (p <0.05) between the experimental and control classes. To assess the normality of the data distribution, the Shapiro–Wilk test (Shapiro and Wilk, 1965) was applied, as it provides reliable results for small- and medium-sized samples. Since the test indicated that the data were not normally distributed, the non-parametric Mann–Whitney U test (Mann and Whitney, 1947) was employed to evaluate differences between the groups. Data were analyzed using the Statistical Package for the Social Sciences (SPSS) version 24.0.

Research Phases:

The experimental study was implemented in three stages:

1. Diagnostic Stage: Pre-tests and competency tasks were administered to both the control and experimental classes to assess baseline levels. These tests and tasks were administered to assess students' levels of meta-subject skills and subject-specific understanding before they participated in STEM lessons. During the pre-testing phase, second-grade students had already been introduced, within the framework of the general education curriculum, to the following topics: living and non-living nature; substances and their properties; seasonal changes; and basic rules for conducting simple experiments. These topics provided the foundational basis for the STEM lessons and ensured students' readiness to engage in the research process.

2. Formative Stage: The Experimental class received instruction based on the STEM program developed by Yesnazar et al. (2024), which included STEM-based tasks, projects, and research activities integrated into the learning process. As part of the author-designed course titled “Secrets of the Universe,” a STEM-based instructional module was developed to foster meta-subject skills in primary school students. The module includes interdisciplinary STEM tasks, projects, and inquiry-based activities such as: “Young Scientist,” “I Am an Engineer,” “Phases of the Moon,” “3D Fish Model,” “Hygiene Science?”, “Journey to the World of Astronomy. The full content of the elective course and module topics is provided in Table 3.

3. Evaluation Stage: Post-tests and tasks were re-administered to both groups, and a comparative analysis was conducted to assess changes in meta-subject skills.

TABLE 3 STEM-based instructional program.




	No.
	Topic
	Knowledge product
	Hours
	Student activities
	Meta-subject skills



	1
	2
	3
	4
	5
	6





	Part IV. engineering and stem technology (7 h)



	1
	Young scientist
	Fosters interest in scientific and technical activities; develops problem formulation and problem-solving skills.
	2
	Test your bridge. Drive a toy car over the bridge—what did you observe? How strong is your bridge? What design adjustments did you make and why?
	– Conducting research activities. – Analyzing a given problem and identifying cause–and–effect relationships. – Considering multiple solution options. – Making reasoned decisions based on evidence and arguments.



	2
	I am an engineer
	Develops understanding of physical spaces where scientists, engineers, and inventors work.
	2
	Engineering task: Smart home project (developed with teacher guidance). Design a smart home.
	– Defining clear objectives within project-based or scientific tasks. – Planning necessary actions and implementing them step by step.



	3
	Phases of the moon
	Explores the phases of the moon.
	2
	Learn the moon phases and record the main phases. Create a model of moon phases.
	– Understanding phenomena and processes systematically. – Constructing models, diagrams, graphs, and schematics.



	4
	3D fish model
	Describes how animals adapt to their environments.
	2
	Inquiry task:
 – Study diagrams of fish anatomy. – Identify external and internal parts. How many fins does a fish have? – Determine the environmental conditions necessary for fish survival (e.g., temperature, clean water, place in food chain). 
 Engineering task:
 •Model Fish movement using simple mechanisms. •Construct a fish motion simulation using plastic, cardboard, string, fasteners, etc. •Test a mechanical structure that allows the fish's body to move.
	– Investigating different species of fish and collecting information on the anatomy, swimming mechanisms, and ecosystem of a selected species. – Establishing causal relationships, justifying conclusions, and making informed decisions. – Developing spatial thinking, artistic skills, and visualization abilities. – Planning the stages of model construction (research, sketching, 3D modeling, testing). – Completing a project collaboratively in teams (e.g., one student builds the model, another gathers materials, and a third prepares the presentation). – Engaging in self-development and quality assessment.



	5
	Hygiene science
	Identifies the role of personal hygiene in maintaining health.
	2
	Inquiry task:
 – Wash your hands using three different methods. – Photograph your hands after each. – Compare the three images. 
 Engineering task:
 •Create a tooth model. •Describe it. •How does dental care affect health? •What do you know about fluoride?
	– Extracting relevant information from large volumes of data. – Identifying, filtering, and applying information sources effectively. – Expressing personal viewpoints and comparing them with alternative perspectives. – Observing the relationship between hygiene and disease. – Formulating and answering questions based on learning materials. – Designing tasks for peers and sharing them for completion.



	6
	Journey to the world of astronomy
	Introduces elements of astronomy.
	2
	Inquiry task:
 – Learn basic facts about space. What exists in space? (Planets, stars, meteors, satellites, etc.) Why do we study space? What key events have shaped the history of space exploration? – Create a telescope model. Observe celestial bodies using images or models. – Compare visual representations of planets such as the Moon, Sun, Earth, and Mars. 
 Engineering task:
 •Model the solar system. •Name the planets. •Compare and describe them.
	– Comparing scientific hypotheses with empirical facts and drawing logical conclusions. – Creating a diagram of the solar system and explaining planetary movements. – Working with scientific texts, diagrams, and maps. – Presenting research findings, articulating opinions, and providing explanations.






The research was carried out over the first and second quarters of the 2024–2025 academic year, with lessons and assessments held on Fridays each week.




4 Results


4.1 Draw-A-Scientist Test (DAST)

To assess students' perceptions of scientists, the Draw-A-Scientist Test (DAST) developed by Chambers (1983) was employed. Students were asked to depict a scientist on a blank sheet of paper. The drawings were evaluated against seven criteria: laboratory coat, glasses, beard or unusual hairstyle, chemical flasks or test tubes, labels such as “laboratory” or “experiment,” technical devices, and isolation (working alone or in an enclosed space). Each indicator was scored as one point, with a maximum possible score of seven.

To enhance the reliability of the analysis, three independent experts conducted the evaluation and resolved all contested issues through consensus.

Examples of students' drawings are presented in Figure 1.


[image: A 3x3 grid of childlike drawings featuring people in various styles and scenarios. Top left shows a person sitting at a table. Top center displays a portrait of a person with short hair and glasses. Top right has a scene with a figure at the top of stairs. Middle left is a close-up of a person with a pink shirt and dark hair. Middle center shows a person in a yellow shirt holding something. Middle right portrays a light sketch of a person with hands in pockets. Bottom left is another portrait with glasses. Bottom center illustrates a person behind a table with items. Bottom right depicts a simple figure wearing a purple top.]
FIGURE 1
 Examples of students‘ drawings.


The analysis revealed that, before the intervention, the majority of students held highly stereotypical views of the scientist's profession. However, following the series of lessons, a noticeable decline in the level of stereotypical representations was observed in the Experimental class, indicating the development of a more multifaceted and realistic understanding of scientific work.

At the same time, the analysis of the drawings demonstrated considerable variability in how scientists were depicted, which in some cases complicated objective evaluation. Several students presented atypical images (e.g., a scientist portrayed as a robot, superhero, doctor, or fictional character), which required additional interpretation. Further challenges arose when assessing schematic drawings or those with minimal detail, where it was difficult to determine with certainty the presence of specific indicators (e.g., laboratory coat or laboratory setting).

To assess the normality of the quantitative data obtained from the DAST test, the Shapiro–Wilk test was applied. The results are presented in Table 4.

TABLE 4 Tests of normality.




	Stage
	Class
	Kolmogorov-Smirnova
	Shapiro–Wilk



	
	
	Statistic
	df
	Sig.
	Statistic
	df
	Sig.





	Pre
	1.00
	0.170
	17
	0.200*
	0.903
	17
	0.078


 
	
	2.00
	0.161
	18
	0.200*
	0.913
	18
	0.098



	Post
	1.00
	0.155
	17
	0.200*
	0.912
	17
	0.106


 
	
	2.00
	0.223
	18
	0.018
	0.886
	18
	0.034





*This is a lower bound of the true significance.

aLilliefors significance correction.




According to the results of the Shapiro–Wilk test, the data for both the control and Experimental classs were normally distributed in the pre-test stage (p > 0.05). However, in the post-test stage, the data from the Experimental class deviated from normality (p < 0.05). Therefore, the Mann–Whitney U test, a non-parametric method, was applied at both stages to determine differences between the groups.

In other words, because the assumptions required for applying parametric statistical methods (e.g., Student's t-test) were not fully met—specifically, the lack of normal distribution in some groups—it was considered appropriate to use the non-parametric Mann–Whitney U test. This approach ensures reliable statistical inferences that align with the structure of the data. The test is suitable for comparing quantitative indicators between two independent groups and does not require normally distributed data (Field, 2024).

The next step is to examine the statistical values generated by SPSS for the Mann–Whitney U test (U-value and p-value). If p < 0.05, the difference is considered statistically significant (Table 5).

TABLE 5 Mann–Whitney U test statisticsa.




	Test statistics
	Pre
	Post





	Mann–Whitney U
	150.500
	80.000



	Wilcoxon W
	303.500
	233.000



	Z
	−0.083
	−2.429



	Asymp. Sig. (2-tailed)
	0.934
	0.015



	Exact Sig. [2*(1-tailed Sig.)]
	0.935b
	0.015b





aGrouping variable: class.

bNot corrected for ties.




The pre-test analysis revealed no statistically significant differences between the groups (U = 150.5, p = 0.934), indicating comparability of the groups at baseline. In contrast, the post-test results demonstrated a statistically significant advantage for the Experimental class over the control class (U = 80.0, p = 0.015), confirming the effectiveness of the implemented instructional approach.



4.2 Author-designed task for assessing meta-subject skills

To assess the universal learning activities (cognitive, regulatory, communicative, and personal) of primary school students, a series of author-designed diagnostic tasks was developed. The term “task” varies in definition across disciplines, but in a broad sense, it refers to an instruction that requires completion. As outlined earlier in this study, universal learning activities serve as the foundation for the development of meta-subject skills. When these activities are consistently integrated into instruction, students gradually acquire essential meta-subject skills.

The assessment of students' meta-subject skills was based on integrated tasks. To examine whether the quantitative data followed a normal distribution, the Shapiro–Wilk test was applied. The results are presented in Table 6.

TABLE 6 Tests of normality.




	Stage
	Class
	Kolmogorov–Smirnov
	Shapiro–Wilk



	
	
	Statistic
	df
	Sig.
	Statistic
	df
	Sig.





	Pre
	1.00
	0.175
	17
	0.177
	0.933
	17
	0.241


 
	
	2.00
	0.167
	18
	0.200*
	0.941
	18
	0.306



	Post
	1.00
	0.175
	17
	0.176
	0.946
	17
	0.400


 
	
	2.00
	0.234
	18
	0.010
	0.881
	18
	0.027





This is a lower bound of the true significance.

Lilliefors significance correction applied.




According to the Shapiro–Wilk test, the data for both control and Experimental class in the pretest stage were normally distributed (p > 0.05). However, in the posttest stage, the data for the Experimental class were not normally distributed (p < 0.05). Therefore, the non-parametric Mann–Whitney U test was employed to compare differences between groups at both stages.

The Mann–Whitney U test results provided by SPSS are shown in Table 7.

TABLE 7 Mann–Whitney U test statisticsa.




	Test statistics
	Pre
	Post
	Ngain





	Mann–Whitney U
	153.000
	82.000
	0.000



	Wilcoxon W
	324.000
	235.000
	153.000



	Z
	0.000
	−2.407
	−5.060



	Asymp. Sig. (2-tailed)
	1.000
	0.016
	0.000



	Exact Sig. [2*(1-tailed Sig.)]
	1.000b
	0.019b
	0.000b





aGrouping Variable: class.

bNot corrected for ties.




The pre-test analysis revealed no statistically significant differences between the groups (U = 153.000, p = 1.000), confirming their comparability at baseline. In contrast, the post-test results indicated a statistically significant advantage for the Experimental class compared to the control class (U = 82.000, p = 0.019), thereby confirming the effectiveness of the implemented instructional methodology.

(N-gain): Mann–Whitney U = 0, Z = −5.060, p < 0.001. The results indicate a highly significant difference (p < 0.001). A substantial difference was also observed in normalized gain scores (p < 0.001), which provides strong evidence of the intervention's effectiveness. We applied the N-gain method to evaluate students' progress in universal learning activities, as this approach accounts for baseline differences in pretest scores, thereby ensuring a more reliable and unbiased assessment of learning outcomes.

Overall, the statistically significant differences between the control and experimental classes demonstrate the positive impact of the experimental intervention. The higher performance of the Experimental class provides strong evidence supporting the reliability and validity of the study's findings.




5 Discussion


5.1 Analysis of the “Draw-A-Scientist Test” (DAST) results

The results of the independent t-test in our study suggest that primary school students' motivation and interest in learning science, technology, engineering, and mathematics (STEM) subjects significantly increased following the intervention.

The outcomes of the Draw-a-Scientist Test (DAST) provided valuable insight into how students conceptualize scientists. One notable trend observed in this study is the “youthful representation” of scientists, indicating a shift in students' perceptions toward a broader and more modern image of scientific professionals. Students' drawings reflected an expanded understanding, depicting scientists not only in laboratories but also working outdoors (Bardullas and Leyva-Figueroa, 2024) and in diverse environments (Sinclair et al., 2023).

However, existing literature points out that many students still associate scientists with stereotypical traits such as being elderly, male, and working exclusively in laboratory settings (Ferguson and Lezotte, 2020). This highlights a potential limitation in the reliability and validity of the DAST instrument. For example, if students are given only a blank sheet and a single pencil without access to colored pencils or markers, they may not fully express their image of a scientist (Farland-Smith et al., 2017). Moreover, students might replicate stereotypical images of scientists from popular culture or prior education (Schibeci, 2006).

In our findings, students most commonly portrayed scientists using tools such as microscopes, wearing glasses, and conducting chemical experiments, rather than building robots or designing machines. This suggests that scientific research instruments remain the dominant symbols in their understanding of science. In some drawings, digital devices such as tablets and computers appeared as tools or symbols of scientific inquiry, indicating a growing association between technology and research.

Given this, there is a clear need to reshape students' perceptions of scientists through curriculum innovations actively. Incorporating STEM projects, hands-on scientific investigations, and play-based STEM activities into the learning process can enrich students' conceptions of science and scientific careers (Avraamidou, 2013; Thibodeau-Nielsen et al., 2025). These approaches not only deepen students' understanding of science, technology, engineering, and mathematics but also help bridge the gap between school science and real-world applications.

Furthermore, introducing students to real-life STEM careers and professionals helps cultivate early interest in science-related fields (Chen Y. W. et al., 2025; Blotnicky et al., 2018; Küçükaydin and Ayaz, 2025). To broaden students' scientific literacy, it is essential to foster collaborations between schools and research institutions (Quílez-Cervero et al., 2021). Strengthening partnerships between schools and STEM professionals (Chen et al., 2022; So et al., 2021) can also play a critical role in dismantling outdated stereotypes and providing students with authentic representations of scientists and their work.



5.2 Discussion of meta-subject skills development

The development of meta-subject skills can be effectively supported through the implementation of universal learning activities—specifically cognitive, regulatory, communicative, and personal actions—within the learning process. In this study, these universal learning actions were examined as key mechanisms in the formation of meta-subject skills. The analysis of the results obtained from the author-developed tasks provided valuable insights into students' personal, cognitive, regulatory, and communicative competencies, confirming their integral role in shaping meta-subject proficiency.

Teaching primary education subjects from a meta-subject perspective enhances students' ability to acquire integrative knowledge across disciplines (Zhumabayeva and Güven, 2018). Furthermore, the tasks designed to target regulatory universal learning activities focused on assessing metasubject outcomes related to monitoring and making predictions. Tasks aligned with cognitive universal learning activities were aimed at developing skills in information retrieval, knowledge structuring, modeling, and reflective practice.

Personal learning actions were supported through hands-on experimentation and guided questioning, allowing students to independently construct knowledge. These activities were integrated into STEM-based instruction, demonstrating that universal learning actions can be successfully implemented in STEM education environments.

Furthermore, the implementation of these actions contributed to the development of students' communicative and creative abilities, critical thinking, and inquiry-based practices. The integration of multiple subject areas helped foster interdisciplinary understanding. This instructional approach not only strengthened collaboration and peer interaction within the classroom (Öndeş, 2025) but also promoted the development of problem-solving skills in engineering contexts (Yang, 2025).

Dweck's (2013) work on goal theory and personal mindsets is particularly relevant in this context. Drawing on Dweck's (2013) theoretical perspectives, especially her concept of mindset, is useful, as it frames the development of self-regulation and growth-oriented skills as key to successful learning and overcoming challenges. For example, the category regulatory may relate to self-regulation, emotional regulation, or motivational regulation (Dweck, 2013); the category problem-solving may refer to task orientation, cognitive engagement, or adaptive coping with difficulties (Dweck and Leggett, 1988); while the category personal encompasses personal relevance, emotional involvement, or connections to personal identity (Dweck, 2006). Such a theoretical framework assigns significant value to these codes, enabling the interpretation of learners' behavioral manifestations not merely as isolated reactions but as expressions of broader meta-subject skills.

The study was conducted over 12 weeks and included 12 STEM-based lessons aimed at developing primary school students' metasubject competencies. To foster universal learning activities—regulatory, cognitive, personal, and communicative—a range of tasks was introduced, including comparison, evaluation, empirical research, solving word problems, extracting relevant information from large volumes of data, constructing diagrams, making predictions, providing arguments, identifying errors, answering questions, engaging in group games, carrying out project work, and completing creative assignments. The integration of these tasks into the educational process was implemented within the framework of STEM education.

For example, during the lesson entitled “Young Scientist,” the following tasks were proposed:

1. Construct a strong, stable, lightweight, and aesthetically pleasing bridge.

2. Test the bridge's strength by driving a toy car across it.

The development of metasubject competencies through these tasks was targeted as follows:

• Cognitive: selecting and comparing materials, identifying cause-and-effect relationships;

• Regulatory: planning the work, dividing it into stages, adjusting one's actions;

• Communicative: presenting the work, answering questions, engaging in discussion;

• Personal: expressing one's opinion, striving for success, and developing a sense of responsibility.

During task performance, students were guided by reflective and exploratory questions, such as: What did you notice when the car crossed the bridge? Did the bridge shake or break, and if so, where? What were the length and width of the bridge? What plan did you make to ensure its stability? What challenges did you encounter while constructing it? What would you change, and why? What did this task teach you?

Based on the study's results, it can be concluded that STEM-oriented tasks, projects, and inquiry activities positively influenced the formation of primary school students' meta-subject skills. These findings are further supported by observed improvements in students' creative and research abilities, as well as in their cognitive and personal learning abilities.



5.3 Limitations

Several limitations should be acknowledged in this study.

First, the assessment of students' perceptions of scientists was limited to the DAST (Draw-A-Scientist Test) instrument. Future research should consider incorporating additional tools, such as the Draw-a-Science-Teacher or Draw-an-Engineer instruments, to broaden the scope of data collection.

Second, while focusing on primary school students in Kazakhstan provided valuable insights, the generalizability of the findings to other educational contexts remains limited.

Third, the STEM-based instructional program was implemented over only two academic quarters. Future research should consider the implementation of long-term STEM programs to better evaluate their effects on the development of meta-subject skills in primary school students.




6 Conclusion

In response to the first research question, the findings revealed several opportunities for interdisciplinary integration of science, technology, engineering, and mathematics within the primary education process. These opportunities are aligned with the planning of the learning process and the implementation of active, inquiry-based learning strategies within the framework of STEM education. They also encompass the integration of creative and innovative projects, as well as research activities in science, technology, engineering, and mathematics into the primary education curriculum. In addition, tasks such as constructing diagrams, making predictions, providing evidence-based arguments, identifying cause-and-effect relationships, planning, structuring knowledge, modeling, and reflecting on actions create favorable conditions for the development of meta-subject skills.

Furthermore, students begin to develop flexible (universal) skills such as engineering thinking, construction, design, and modeling. These skills enhance the creative function of instruction and contribute to a more holistic educational experience.

Concerning the second research question, the study successfully evaluated the impact of STEM-based instructional design on the development of meta-subject skills in primary school students. The experimental research was conducted using a program specifically developed for the STEM learning environment.

The research findings were subjected to statistical analysis. The results of the Mann–Whitney U test indicated an improvement in the performance of the experimental class compared to the control class. At the pretest stage, no statistically significant difference was observed between the control and experimental classes (U = 150.5; p = 0.934), confirming that both groups had comparable baseline levels of knowledge. However, the posttest results demonstrated significant changes: a statistically significant difference emerged between the control and experimental classes (U = 80.0; p = 0.015), with the experimental class outperforming the control class. These findings provide statistical evidence supporting the effectiveness of the methodology applied in the experimental class.
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