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Abstract. This study explores student agency in Artificial Intelligence (AI)-supported STEM learning 

environments, addressing a critical gap in existing literature that predominantly focuses on learning outcomes 

rather than learner-centered processes. Drawing on an interpretive qualitative approach, this research 

investigates how students experience autonomy, self-regulation, and decision-making when interacting with AI 

technologies in STEM education. Data were collected from 15 participants engaged in AI-supported learning 

through in-depth semi-structured interviews, supported by observations and document analysis. The data were 

analyzed using thematic analysis to identify recurring patterns and meanings related to student agency. The 

findings reveal that student agency is a dynamic and multidimensional construct shaped by the interplay between 

technological affordances and learner engagement. Four major themes emerged: enhanced autonomy, 

development of self-regulated learning, negotiated decision-making, and ambivalent dependency on AI. While AI 

technologies provide adaptive support that empowers students to take control of their learning, they also introduce 

the risk of over-reliance, which may reduce cognitive engagement. This study contributes to the theoretical 

advancement of student agency by conceptualizing it as a spectrum rather than a fixed attribute, highlighting the 

dual role of AI as both an enabler and a constraint. The findings offer important pedagogical implications for 

designing AI-supported STEM learning environments that promote active, reflective, and responsible learning. 

Future research is recommended to explore this phenomenon across diverse contexts and through longitudinal 

designs. 

 

Keywords: AI-Supported Learning; Educational Technology; Learning Autonomy; Qualitative Study; Self-

Regulated Learning. 

 

1. INTRODUCTION 

The rapid advancement of Artificial Intelligence (AI) has significantly transformed 

contemporary educational practices, particularly in Science, Technology, Engineering, and 

Mathematics (STEM) education. AI-based technologies, such as intelligent tutoring systems, 

adaptive learning platforms, and data-driven analytics, have enabled more personalized and 

efficient learning experiences (Strielkowski et al., 2025; Yekollu et al., 2024). These 

innovations are often associated with improved academic performance and enhanced student 

engagement. However, beyond these measurable outcomes, the integration of AI raises critical 

questions about how learners actively participate in and take control of their own learning 

processes (Sajja et al., 2025). 

The concept of student agency has emerged as a central focus in modern educational 

discourse, emphasizing learners’ capacity to make choices, set goals, and regulate their own 

learning. In STEM education, student agency is particularly essential because the nature of 

these disciplines requires inquiry, experimentation, and problem-solving (Smith et al., 2022; 

Tan et al., 2023). Learners are expected not only to acquire knowledge but also to construct 

understanding through active engagement. Therefore, fostering student agency is fundamental 
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to developing higher-order thinking skills and preparing students to address complex real-

world challenges (Luo, 2025). 

The integration of AI into STEM learning environments presents both opportunities and 

challenges for student agency. On the one hand, AI can support agency through real-time 

feedback, adaptive learning pathways, and personalized scaffolding tailored to individual needs 

(Xiao & He, 2025). These features can empower learners to exercise greater control over their 

learning trajectories. On the other hand, concerns have emerged that excessive reliance on AI 

systems may diminish cognitive engagement and decision-making autonomy, potentially 

fostering passive learning behaviors (Girma, 2025; Zhai et al., 2024). 

Despite the increasing adoption of AI in education, existing studies remain 

predominantly focused on its effectiveness in improving learning outcomes, engagement, or 

efficiency. Attention to how AI influences student agency, particularly within STEM contexts, 

remains limited. Moreover, there is a lack of empirical and conceptual clarity regarding the 

mechanisms through which AI may either enhance or constrain agency. This gap highlights the 

need for deeper exploration through the integration of technological, pedagogical, and 

psychological perspectives (Al Harrasi et al., 2025; Rao et al., 2025). 

In response to this gap, the present study aims to explore student agency within AI-

supported STEM learning environments. Specifically, it seeks to examine how AI tools shape 

learners’ autonomy, self-regulation, and decision-making processes, as well as to identify key 

factors that mediate this relationship. By combining quantitative and qualitative approaches, 

this research provides a comprehensive understanding of the dynamics between AI integration 

and student agency. 

This study contributes to the advancement of the literature on AI in education by offering 

a learner-centered perspective that extends beyond performance metrics. It proposes a 

conceptual and empirical framework for understanding student agency in AI-driven STEM 

learning and provides practical implications for educators and instructional designers. 

Ultimately, this research supports the development of more balanced and pedagogically 

grounded AI integration, thereby empowering learners as active agents in their educational 

experiences. 
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2. THEORETICAL FRAMEWORK  

Student Agency in Learning Contexts 

Student agency in the context of learning refers to learners’ capacity to consciously and 

purposefully influence their learning processes through goal setting, decision-making, and the 

management of learning strategies (Ponomariovienė & Jakavonytė-Staškuvienė, 2025). This 

concept positions students as active subjects who construct knowledge rather than merely 

receive information. In modern educational paradigms, student agency is regarded as a key 

element in creating meaningful and sustainable learning experiences (Sidiropoulos, 2022). 

Agency reflects individuals’ ability to act autonomously and responsibly in directing their 

educational journeys. This aligns with twenty-first-century demands that emphasize 

independence, creativity, and critical thinking. The presence of agency enables learners to 

adapt their learning processes according to their needs and interests (Adeoye et al., 2024; 

Valquaresma, 2024). Furthermore, agency contributes to increased self-confidence and 

intrinsic motivation. Therefore, strengthening student agency has become a primary indicator 

of the success of learner-centered education systems. 

Philosophically, the concept of student agency is rooted in constructivist theory, which 

asserts that knowledge is actively constructed through interactions between individuals and 

their environments (Zajda, 2021). Jean Piaget emphasized that learning involves assimilation 

and accommodation as primary mechanisms in the formation of cognitive structures (Piaget & 

Cook, 1952). Meanwhile, Lev Vygotsky highlighted the importance of social interaction and 

the role of cultural contexts in cognitive development (Vygotsky & Cole, 1978). The 

constructivist perspective positions students as active learners who construct meaning based 

on experience and reflection. Within this framework, teachers serve as facilitators who provide 

learning environments that support exploration and collaboration. Student agency emerges 

when learners are given opportunities to participate actively in the learning process. This 

includes the freedom to select learning strategies and the responsibility to achieve academic 

goals. Consequently, constructivism provides a robust theoretical foundation for the 

development of agency in contemporary education. 

In practice, student agency reflects not only freedom of choice but also responsibility in 

managing learning independently. Agency involves reflective capacities that enable learners to 

evaluate their decisions and learning outcomes (Stenalt & Lassesen, 2022; Zebua, 2024). This 

process creates a balance between individual freedom and academic accountability. Freedom 

without responsibility may result in unfocused learning, making the role of educators crucial 

in providing guidance. Therefore, learning environments must be designed to support 
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autonomy while offering clear structures. This concept is known as “guided autonomy,” in 

which students exercise freedom within pedagogically structured boundaries. Such an 

approach enables learners to develop higher-order thinking skills. Thus, student agency 

represents the integration of independence, responsibility, and reflective capacity within the 

educational process. 

Theoretically, student agency is closely associated with Self-Determination Theory 

(SDT), proposed by Ryan & Deci (2020). This theory emphasizes the fulfillment of three basic 

psychological needs: autonomy, competence, and relatedness. Autonomy refers to individuals’ 

ability to control their actions and learning choices independently. Competence relates to 

individuals’ perceptions of their ability to perform tasks effectively (Salman et al., 2020). 

Relatedness reflects the need to feel connected and accepted within a social environment. The 

fulfillment of these three needs has been shown to enhance intrinsic motivation and learning 

engagement. In educational contexts, SDT provides a conceptual framework for understanding 

how learning environments can support the development of agency (Shogren & Raley, 2022). 

Therefore, the application of SDT principles represents an essential strategy for improving the 

quality of learner-centered education. 

In addition to Self-Determination Theory, student agency is closely linked to the concept 

of Self-Regulated Learning (SRL). SRL emphasizes individuals’ ability to plan, monitor, and 

evaluate their learning processes independently. According to Zimmerman (2002), effective 

learning involves three primary phases: forethought, performance, and self-reflection. During 

the forethought phase, students set goals and select appropriate learning strategies. In the 

performance phase, they monitor their progress and adjust strategies as needed. In the self-

reflection phase, learners evaluate outcomes to improve future performance. This capacity for 

self-regulation represents a tangible manifestation of student agency in educational practice. 

Thus, SRL provides an operational framework that reinforces the concept of agency in 

educational contexts. 

From a pedagogical perspective, student agency contributes significantly to enhanced 

learning engagement and academic achievement. Research indicates that students with high 

levels of agency tend to demonstrate stronger intrinsic motivation, perseverance, and superior 

learning outcomes (Cui et al., 2025). Agency enables learners to take an active role in 

determining the direction of their education. This fosters a sense of ownership over both the 

learning process and its outcomes. Moreover, agency promotes the development of critical 

thinking and complex problem-solving skills. Learning environments that support agency also 

enhance collaboration and communication among students (Taub et al., 2020). Therefore, 
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integrating student agency into instructional design represents a strategic approach to 

improving educational quality. The implementation of this concept aligns with twenty-first-

century educational paradigms that emphasize holistic competency development. 

In STEM education, student agency plays a strategic role due to the inquiry-based, 

problem-solving, and experimental nature of its learning processes (Ješková et al., 2022; Tan 

et al., 2023). STEM learning requires students to actively explore concepts through scientific 

and interdisciplinary approaches (Gao et al., 2020). Agency enables learners to formulate 

research questions, test hypotheses, and evaluate experimental results independently. This 

process fosters the development of critical, creative, and innovative thinking skills (Zebua, 

Ibrohim, et al., 2025). Furthermore, STEM education emphasizes the importance of 

collaboration and communication in addressing real-world problems. Student agency serves as 

a catalyst for creating authentic and contextualized learning experiences. With the presence of 

agency, students not only understand theoretical concepts but also apply them in everyday life. 

Therefore, strengthening student agency constitutes an essential indicator of success in STEM 

education. 

Artificial Intelligence in STEM Education 

Artificial Intelligence (AI) in education refers to the utilization of intelligent 

computational systems designed to emulate human cognitive processes such as learning, 

reasoning, decision-making, and problem-solving (Chen et al., 2020). This technology 

integrates multiple disciplines, including computer science, mathematics, cognitive 

psychology, and data science, making it highly relevant to the interdisciplinary nature of STEM 

education. In educational contexts, AI enables the automation and personalization of learning 

processes through complex data processing and predictive analytics. Its implementation 

reflects a transformation in educational paradigms toward technology-driven and data-

informed approaches. AI-based systems are capable of identifying learners’ patterns and 

providing more effective instructional recommendations (Ezzaim et al., 2025). This contributes 

to the enhancement of educational quality through approaches that are adaptive and responsive 

to individual needs. Moreover, AI improves the efficiency of educational management, 

including assessment and evaluation processes. Thus, AI represents a strategic innovation in 

advancing STEM education aligned with the demands of the Fourth Industrial Revolution and 

Society 5.0 (Leon et al., 2025). 

In STEM education, AI has been implemented in various forms, such as intelligent 

tutoring systems, adaptive learning platforms, automated assessment, and learning analytics 

(Huang et al., 2025). Intelligent Tutoring Systems (ITS) are designed to provide instructional 
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guidance that resembles human tutoring through personalized and performance-based feedback 

(Lin et al., 2023). These technologies can identify conceptual errors and offer explanations 

tailored to students’ needs. Adaptive learning platforms utilize machine learning algorithms to 

customize learning materials according to individual abilities. Automated assessment enables 

faster and more objective evaluation processes, particularly in computer-based testing 

environments (Lujak et al., 2022). Meanwhile, learning analytics is used to analyze educational 

data in order to understand students’ learning behaviors and academic development. The 

integration of these technologies enhances the effectiveness of STEM learning, which requires 

strong conceptual understanding and problem-solving skills. Therefore, AI serves as a critical 

catalyst in improving technology-based education. 

AI-driven approaches in education are often associated with the concept of Adaptive 

Learning, a system that dynamically adjusts content, difficulty levels, and feedback based on 

student performance (Strielkowski et al., 2025). This concept is rooted in differentiated 

instruction theory, which emphasizes the importance of tailoring learning strategies to 

individual characteristics (Shuell, 2021). Through real-time data analysis, adaptive systems can 

accurately identify students’ strengths and weaknesses. This technology enables more 

personalized and efficient learning compared to conventional approaches. Adaptive learning 

also supports independent study by providing relevant content recommendations. In STEM 

education, this approach is particularly important due to the complexity of subject matter 

requiring gradual and in-depth understanding. Research indicates that AI-based adaptive 

systems can enhance student motivation and learning outcomes (Yekollu et al., 2024). 

Consequently, adaptive learning represents a major innovation in the transformation of digital 

education. 

Artificial Intelligence (AI) plays a crucial role in data-driven education through learning 

analytics, which enables real-time monitoring of learning behaviors such as participation, 

academic progress, and interaction patterns (Ahmad et al., 2024; Sajja et al., 2025). These data 

support educators in designing more effective instructional strategies, particularly in STEM 

education by identifying students’ conceptual difficulties and predicting potential academic 

risks early (Norm Lien et al., 2020). At the same time, AI integration transforms learning 

dynamics by creating more interactive and collaborative environments, where technology acts 

as a learning partner (Alam, 2021). Consequently, teachers’ roles shift from being the primary 

source of knowledge to becoming facilitators and instructional designers, aligning with the 

Education 4.0 paradigm that emphasizes the integration of digital technologies to enhance 

learning quality. 
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However, the implementation of AI also presents several challenges, including issues of 

data privacy and security, potential algorithmic bias, and unequal access to technology. 

Overreliance on AI may reduce social interaction if not balanced with appropriate pedagogical 

approaches (Zhai et al., 2024). In the context of active learning, AI has the potential to increase 

student engagement through student-centered approaches such as simulations, virtual 

experiments, and project-based learning (Abdelfattah et al., 2025). It also supports the 

development of critical, creative, and analytical thinking, as well as digital and data literacy—

key competencies for the twenty-first century. Therefore, AI integration requires clear 

regulatory frameworks and continuous evaluation to ensure its ethical, responsible, and 

effective use in fostering holistic student development (Kayal, 2024; Zebua & Ziraluo, 2026). 

AI as a Mediating Tool for Student Agency 

Artificial Intelligence (AI) can be theoretically positioned as a mediating tool that shapes 

the relationship between the learning environment and student agency, in line with the socio-

constructivist perspective (Kharroubi & ElMediouni, 2024). Drawing on Lev Vygotsky’s 

theory of mediation, AI functions as a modern psychological tool that extends learners’ 

cognitive capacities through interaction with digital environments (Taber, 2020; Vygotsky & 

Cole, 1978). As a mediational instrument, AI facilitates access to information, supports 

independent understanding, and transforms learning experiences. This highlights that 

technology is not merely supportive but an integral component of the learning ecosystem that 

influences how students think, interact, and make decisions (Koul & Nayar, 2021). 

From this perspective, AI also strengthens learning through its alignment with key 

constructivist principles, including collaboration, exploration, and reflection (Lee & Wong, 

2025). It supports the concept of the Zone of Proximal Development (ZPD) by providing 

tailored assistance that enables learners to achieve higher levels of understanding (Xi & 

Lantolf, 2021). In addition, AI enhances student agency through mechanisms such as instant 

feedback and adaptive learning systems. Timely feedback promotes reflection, motivation, and 

improved learning outcomes, while adaptive systems allow students to learn based on their 

pace, needs, and learning styles. These features foster autonomy, self-confidence, and more 

inclusive learning environments. 

Furthermore, AI contributes to the development of metacognitive skills by enabling 

learners to monitor their progress through learning analytics and data visualization (Pacheco et 

al., 2025). This supports self-reflection, planning, and decision-making, which are essential for 

self-directed and lifelong learning (Zebua et al., 2025). AI-based recommendations also help 

students optimize their learning strategies, strengthening their capacity for independent 
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learning. Through these mechanisms, AI acts as a facilitator that enhances reflective learning 

and reinforces student agency in meaningful ways. 

However, the implementation of AI also presents challenges, including the risk of 

overdependence on technology, potential algorithmic bias, and concerns related to data privacy 

and security (Salgado Granda et al., 2024; Zebua & Ziraluo, 2026). If not carefully managed, 

AI may reduce social interaction and weaken critical thinking skills. Therefore, AI should 

function as scaffolding—providing temporary, adaptive support that gradually decreases as 

learners become more independent. Effective integration requires thoughtful pedagogical 

design and continuous evaluation to ensure that AI enhances, rather than replaces, human 

cognitive development and maintains its role as a facilitator of student agency. 

Conceptual Model of AI-Supported Student Agency in STEM 

The conceptual model of AI-Supported Student Agency in STEM is grounded in the 

integration of constructivist and socio-constructivist perspectives, along with Self-

Determination Theory and Self-Regulated Learning (Zhang et al., 2026). Within this 

framework, Artificial Intelligence (AI) is positioned as a key variable that shapes learners’ 

active participation by functioning not only as a technological tool but also as a mediator of 

exploration, problem-solving, and data-driven learning. The model emphasizes the importance 

of the interaction between technology and pedagogy in creating meaningful, learner-centered 

experiences. As such, it provides a comprehensive theoretical foundation for understanding 

how AI can support the development of twenty-first-century competencies in STEM education 

(Tan & Kidman, 2025). 

In this model, AI-supported learning environments act as the independent variable 

influencing student agency. These environments include intelligent tutoring systems, adaptive 

platforms, automated assessment, and learning analytics, all of which enable personalized, 

flexible, and interactive learning. Such features encourage students to take responsibility for 

their learning through active engagement, supported by instant feedback and adaptive 

recommendations. Student agency itself is conceptualized through three core dimensions: 

autonomy, self-regulation, and decision-making, which are essential competencies for 

fostering critical thinking and scientific literacy in STEM contexts (Gupta et al., 2024). 

The model also incorporates mediating variables that strengthen the relationship between 

AI and student agency, particularly pedagogical design and the role of teachers. Approaches 

such as inquiry-based, problem-based, and project-based learning provide meaningful contexts 

for active knowledge construction (Nghiem et al., 2025; Shocheb et al., 2025). At the same 

time, teachers function as facilitators who guide the effective and ethical use of AI in learning. 
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In addition, the type and design of AI technologies significantly influence student engagement 

and motivation, highlighting the need for alignment between technological tools and 

pedagogical strategies. 

Furthermore, the model recognizes moderating contextual factors such as technological 

readiness, digital literacy, and individual learner characteristics, which determine the 

effectiveness of AI implementation. It also reflects a systemic interaction between technology, 

pedagogy, and human factors, consistent with frameworks like TPACK (Tseng et al., 2022). 

Methodologically, this model offers a basis for empirical research using approaches such as 

Structural Equation Modeling (SEM) and mixed methods to examine complex relationships 

among variables. Overall, the framework provides both academic and practical contributions 

for advancing AI-driven innovation in STEM education. 

Research Proposition 

Based on the theoretical framework outlined above, this study proposes several key 

propositions: 

a. AI-supported STEM learning environments positively influence student agency. 

b. The effect of AI on student agency is mediated by pedagogical design and learning 

interactions. 

c. Excessive reliance on AI may negatively affect students’ decision-making autonomy. 

d. Teacher facilitation plays a critical role in strengthening the positive impact of AI on 

student agency. 

 

3. METHODS 

Research Design 

This study adopts a qualitative approach with an interpretive design to explore how 

student agency is formed within Artificial Intelligence (AI)-supported STEM learning 

environments. The approach enables an in-depth understanding of learners’ subjective 

experiences, particularly how they control, direct, and reflect upon their learning while 

interacting with AI technologies. The study focuses on the meanings constructed by students 

and the interactions among learners, technology, and the learning environment. 

Participants and Context 

The participants consisted of 15 university students engaged in AI-supported STEM 

learning, including adaptive learning platforms, intelligent tutoring systems, and digital 

simulations. They were selected through purposive sampling based on specific criteria: prior 

experience with AI in learning, active academic participation, and willingness to participate in 
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in-depth interviews. The research was conducted in courses that had integrated AI for at least 

one semester to ensure authentic learning experiences. 

Data Collection 

Data were collected through semi-structured, in-depth interviews and participatory 

observations. The interviews explored students’ perceptions and experiences related to 

autonomy, self-regulation, decision-making, and potential dependence on AI, with each session 

lasting between 10 and 25 minutes. Participatory observations complemented the interviews 

by examining students’ interactions with AI systems, including their responses to feedback, 

selection of learning strategies, and levels of engagement. Supporting documents were also 

collected to enrich the data. 

Data Collection Procedure 

The procedure was conducted in three stages: 

a. Preparation: Identification of the research site, participant selection, and development 

and validation of interview guidelines. 

b. Data Collection: Implementation of interviews, observations, and document collection. 

c. Data Organization: Transcription, systematic organization, and integration of data to 

identify emerging patterns and meanings. 

Data Analysis 

Data were analyzed using an iterative thematic analysis. The process involved 

familiarization with the data, open coding to identify significant meaning units, and axial 

coding to categorize themes such as autonomy, self-regulation, decision-making, and 

dependence on AI. These categories were synthesized into overarching themes representing 

the relationship between AI utilization and the development of student agency. Findings were 

interpreted in relation to relevant theoretical frameworks to ensure contextual and conceptual 

depth. 

Trustworthiness 

The rigor of the study was ensured through credibility, transferability, dependability, and 

confirmability. Credibility was strengthened through data triangulation from interviews, 

observations, and documents. Transferability was achieved by providing rich contextual 

descriptions. Dependability was ensured through systematic documentation of research 

procedures, while confirmability was maintained through reflexivity and data verification to 

minimize researcher bias. 
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Ethical Considerations 

The study adhered to ethical research principles by obtaining informed consent, ensuring 

participant confidentiality, and using data solely for academic purposes. Participation was 

voluntary, and participants had the right to withdraw at any time without consequence. These 

measures ensured the integrity and ethical standards of scholarly research. 

 

4. RESULTS AND DISCUSSION 

Results 

The data analysis indicates that student agency within Artificial Intelligence (AI)-

supported STEM learning environments constitutes a multidimensional and dynamic construct 

shaped through the interaction among learners, technology, and pedagogical contexts (Leon et 

al., 2025). Through thematic analysis, four interrelated themes were identified: (1) enhanced 

learning autonomy, (2) the development of self-regulation, (3) negotiation in decision-making, 

and (4) ambivalence toward dependence on AI. These themes do not exist independently; 

rather, they form a continuum that reflects AI’s dual role as both an empowering and 

constraining force in shaping student agency. 

The first theme, enhanced learning autonomy, reveals that AI-based learning 

environments provide students with greater control over their learning processes (Hong & Guo, 

2025). Participants consistently reported that the use of AI enabled flexibility in regulating 

learning pace, navigating content in a more personalized manner, and independently exploring 

learning materials. This flexibility allowed students to adapt their learning strategies to their 

individual needs and preferences. One participant stated, “With AI, I can review the material 

as many times as I need without feeling left behind.” Another participant added, “I feel more in 

control because I can decide what I want to learn first and how deeply I want to understand 

it.” These findings indicate that AI facilitates a shift from teacher-centered instruction toward 

learner-centered engagement. 

The second theme, the development of self-regulation, emphasizes the role of AI in 

enhancing metacognitive awareness and reflective learning practices (Xu et al., 2025). 

Participants explained that real-time feedback, progress tracking, and performance analytics 

enabled them to monitor their understanding and adjust their learning strategies accordingly 

(Bernsteiner et al., 2025). AI-generated feedback functioned as continuous formative 

assessment that guided students’ learning trajectories. For instance, one participant noted, 

“Feedback from AI helps me immediately recognize my mistakes, so I can correct them right 
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away.” This finding demonstrates that AI supports not only cognitive processes but also 

strengthens students’ abilities to plan, monitor, and evaluate their learning. 

The third theme, negotiation in decision-making, reveals that student agency is not 

diminished by AI recommendations but is instead reconstructed through critical engagement. 

Although AI systems provide suggestions and learning pathways, students actively interpret, 

evaluate, and occasionally reject these recommendations. This finding indicates that decision-

making within AI-supported environments is not passive but involves negotiation between 

human judgment and algorithmic guidance (Gomez et al., 2025). One participant remarked, “I 

do not always follow the AI’s suggestions. Sometimes I choose another approach because I 

better understand my own needs.” This evidence underscores that agency is preserved when 

students maintain epistemic authority over their learning decisions. 

However, the fourth theme highlights a tension manifested as ambivalence toward 

dependence on AI. While AI enhances efficiency and accessibility, it also poses the risk of 

overreliance, particularly when students use it as a shortcut rather than as a supportive learning 

tool. Some participants acknowledged that the convenience offered by AI could reduce 

cognitive effort in certain situations. One participant stated, “Sometimes I rely too much on AI 

for quick answers, and I realize that I think less deeply.” This finding suggests that the same 

features that strengthen agency may also weaken it if not balanced with appropriate 

instructional design. 

Overall, the results demonstrate that student agency in AI-supported STEM learning 

exists along a continuum rather than as a fixed outcome (Katsenou et al., 2025). On one end, 

AI functions as an enabler that promotes autonomy, reflection, and informed decision-making. 

On the other, it may become a source of dependency that diminishes students’ cognitive 

engagement. Students’ positions along this continuum are influenced by various factors, 

including digital literacy, prior learning habits, and the instructional design implemented in the 

learning process. 

These findings affirm that AI plays a dual role in shaping student agency. It can serve as 

a catalyst that empowers learners, yet it may also act as a limiting factor if used excessively or 

without sound pedagogical design. Therefore, it is essential to design AI-supported STEM 

learning environments that not only leverage technological advantages but also intentionally 

foster active, reflective, and responsible student engagement. 

Discussion 

The findings of this study indicate that student agency within Artificial Intelligence (AI)-

supported STEM learning environments is dynamic and contextual, and cannot be understood 
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in a linear manner. The results suggest that AI functions as both an enabling and constraining 

tool, capable of simultaneously strengthening and weakening student agency (Mingfeng & 

Wang, 2026). These findings expand the conceptual understanding of student agency by 

positioning it as a spectrum of interaction between technology and individuals, rather than as a 

fixed attribute possessed by learners. 

From a theoretical perspective, the results align with the principles of Self-Determination 

Theory, particularly the dimensions of autonomy and competence (Ryan & Deci, 2023). AI 

systems that provide learning flexibility and real-time feedback have been shown to support 

the need for autonomy and enhance students’ perceptions of competence (Yildiz Durak & 

Onan, 2025). However, the finding of ambivalence toward dependence indicates that the 

fulfillment of these psychological needs is not always optimal (Kluwer et al., 2020). When AI 

is used excessively without critical reflection, the intended autonomy may shift into 

dependency, thereby creating a paradox in the implementation of educational technology 

(Alhur et al., 2025). 

Furthermore, the findings reinforce the framework of Self-Regulated Learning, in which 

AI functions as scaffolding that supports the processes of planning, monitoring, and evaluating 

learning (Jin et al., 2023; Siu et al., 2025). Features such as adaptive feedback and learning 

analytics enable students to develop metacognitive awareness more systematically. 

Nevertheless, this study introduces a new dimension by demonstrating that the effectiveness of 

AI in supporting self-regulation largely depends on students’ ability to interpret and utilize the 

information provided by the system. Thus, AI does not automatically produce self-regulated 

learners but requires active engagement from students (Jin et al., 2023). 

Moreover, the findings concerning negotiation in decision-making provide a significant 

contribution to the literature on agency in the digital era. Contrary to earlier assumptions that 

technology tends to diminish students’ active roles, this study reveals that learners retain 

epistemic authority through the evaluation of AI-generated recommendations. This indicates 

that agency in AI-supported contexts is not diminished but rather reconfigured into a form of 

distributed agency, in which decision-making results from interactions between humans and 

intelligent systems (Aysan, 2025). This perspective enriches scholarly discourse on the 

relationship between technology and learning, particularly within STEM education. 

In terms of scientific contribution, this study addresses a critical gap in the literature, 

which has predominantly focused on the effectiveness of AI in improving learning outcomes. 

Instead, it shifts attention to the processual dimension—how students function as active agents 

in learning. The study offers a conceptual framework that integrates AI, STEM pedagogy, and 
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student agency into a coherent analytical model. Furthermore, the identification of an agency 

spectrum provides a novel theoretical contribution that may serve as a foundation for future 

research examining the interplay between technology and learning. 

Regarding its positioning within the research gap, this study explicitly addresses the 

limitations of previous research, which has largely been quantitative and outcome-oriented. By 

employing a qualitative approach, the study uncovers the dynamics of students’ learning 

experiences that cannot be fully explained through numerical data alone (Ghafarpour & 

Moinzadeh, 2020). Additionally, it extends the scope of inquiry into AI-supported STEM 

learning, an area that remains relatively underexplored in the literature, particularly within 

developing educational contexts. 

The practical implications of this research underscore the importance of balanced 

pedagogical design in AI integration. Educators and instructional designers must ensure that 

AI is utilized as a tool to strengthen students’ cognitive engagement rather than replace their 

thinking processes. Approaches such as inquiry-based learning and problem-based learning can 

be integrated with AI to sustain students’ active roles. Furthermore, strengthening students’ 

digital literacy and metacognitive awareness is essential for maximizing the potential of AI 

without compromising student agency. 

Nevertheless, this study has several limitations, including a limited number of 

participants and a specific research context, which necessitate caution in generalizing the 

findings. Therefore, future research is recommended to examine this phenomenon across 

broader contexts, employ longitudinal approaches, or combine qualitative and quantitative 

methods to achieve a more comprehensive understanding. 

 

5. CONCLUSION 

This study affirms that student agency within Artificial Intelligence (AI)-supported 

STEM learning environments constitutes a dynamic, contextual, and multidimensional 

construct. AI functions not only as a supportive learning tool but also as a factor that shapes 

how students interact, make decisions, and regulate their learning processes. The findings 

indicate that AI can enhance autonomy, strengthen self-regulation, and foster more reflective 

decision-making. However, at the same time, AI also has the potential to create dependency 

that may weaken students’ cognitive engagement if not used critically. 

The primary contribution of this study lies in the reconceptualization of student agency 

as a spectrum influenced by the interaction between technology and individuals. This 

perspective offers new insights, demonstrating that agency is not static but evolves dynamically 
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depending on how AI is integrated into instructional design. Therefore, the successful 

implementation of AI in STEM education is determined not only by technological 

sophistication but also by pedagogical approaches that maintain a balance between 

technological support and students’ active roles. 

The practical implications of this research highlight the importance of the roles of 

teachers and instructional designers in creating learning experiences that utilize AI not merely 

as a tool for efficiency but also as a means to strengthen student engagement, reflection, and 

learning responsibility. For future research, cross-contextual studies, longitudinal approaches, 

and the integration of mixed methods are recommended to broaden understanding of the 

relationship between AI and student agency in STEM learning. 

 

REFERENCES 

Abdelfattah, M., Ayadi, H., Nassim, S., & Elwaly, E. M. A. (2025). AI-animated videos in 

PjBL: Enhancing students' engagement, motivation, and critical thinking in content 

courses. https://doi.org/10.22541/au.174837847.74678751/v1  

Adeoye, M. A., Prastikawati, E. F., & Abimbowo, Y. O. (2024). Empowering learning: 

Pedagogical strategies for advancing 21st-century skills and quality education. Journal 

of Nonformal Education, 10(1), 10–21. https://doi.org/10.15294/jone.v10i1.1451  

Ahmad, K., Iqbal, W., El-Hassan, A., Qadir, J., Benhaddou, D., Ayyash, M., & Al-Fuqaha, A. 

(2024). Data-driven artificial intelligence in education: A comprehensive review. IEEE 

Transactions on Learning Technologies, 17, 12–31. 

https://doi.org/10.1109/TLT.2023.3314610  

Al Harrasi, N., Al Subhi, N., Al Harthy, S., & Al Habsi, J. (2025). Learner perspectives on AI 

teacher effectiveness: The role of engagement, motivation, efficiency, and educational 

experience. Social Sciences & Humanities Open, 12, 101950. 

https://doi.org/10.1016/j.ssaho.2025.101950  

Alam, A. (2021). Should robots replace teachers? Mobilisation of AI and learning analytics in 

education. 2021 International Conference on Advances in Computing, Communication, 

and Control (ICAC3), 1–12. https://doi.org/10.1109/ICAC353642.2021.9697300  

Alhur, A. A., Khlaif, Z. N., Hamamra, B., & Hussein, E. (2025). Paradox of AI in higher 

education: Qualitative inquiry into AI dependency among educators in Palestine. JMIR 

Medical Education, 11, e74947–e74947. https://doi.org/10.2196/74947  

Aysan, H. (2025). Artificial intelligence as a distributed actor: Rethinking organizational 

theory through sociotechnical networks. Artificial Intelligence and Applications, 4(1), 

92–100. https://doi.org/10.47852/bonviewAIA52025546  

Bernsteiner, R., Ploder, C., Su, Y., Gou, J., & Yu, X. (2025). Design principles of real-time 

students' performance monitoring in simulation-based business education. Procedia 

Computer Science, 266, 1147–1154. https://doi.org/10.1016/j.procs.2025.08.142  

Chen, L., Chen, P., & Lin, Z. (2020). Artificial intelligence in education: A review. IEEE 

Access, 8, 75264–75278. https://doi.org/10.1109/ACCESS.2020.2988510  

https://doi.org/10.22541/au.174837847.74678751/v1
https://doi.org/10.15294/jone.v10i1.1451
https://doi.org/10.1109/TLT.2023.3314610
https://doi.org/10.1016/j.ssaho.2025.101950
https://doi.org/10.1109/ICAC353642.2021.9697300
https://doi.org/10.2196/74947
https://doi.org/10.47852/bonviewAIA52025546
https://doi.org/10.1016/j.procs.2025.08.142
https://doi.org/10.1109/ACCESS.2020.2988510


 
 

Reconceptualizing Student Agency in AI-Supported STEM Learning: A Qualitative Study of Autonomy, 
Regulation, and Dependency 

 

29 POLYGON - VOLUME. 4 NOMOR. 2 MARET 2026  

  
 

 

Cui, Y., Tang, L., Chen, Y., & Meng, Y. (2025). Unveiling the influences: How self-efficacy, 

intrinsic motivation, and test anxiety shape L2 learner agency. Journal of 

Psycholinguistic Research, 54(6), 59. https://doi.org/10.1007/s10936-025-10175-z  

Ezzaim, A., Dahbi, A., Aqqal, A., & Haidine, A. (2025). AI-based learning style detection in 

adaptive learning systems: A systematic literature review. Journal of Computers in 

Education, 12(3), 731–769. https://doi.org/10.1007/s40692-024-00328-9  

Gao, X., Li, P., Shen, J., & Sun, H. (2020). Reviewing assessment of student learning in 

interdisciplinary STEM education. International Journal of STEM Education, 7(1), 24. 

https://doi.org/10.1186/s40594-020-00225-4  

Ghafarpour, H., & Moinzadeh, A. (2020). A dynamic systems analysis of classrooms: Teacher 

experience and student motivation. Learning Environments Research, 23(1), 101–116. 

https://doi.org/10.1007/s10984-019-09293-y  

Girma, A. H. (2025). The role of artificial intelligence in shaping human interaction and 

cognitive function. Kotebe Journal of Education, 3(1), 69–88. 

https://doi.org/10.61489/30053447.3(1).69  

Gomez, C., Cho, S. M., Ke, S., Huang, C.-M., & Unberath, M. (2025). Human-AI collaboration 

is not very collaborative yet: A taxonomy of interaction patterns in AI-assisted decision 

making from a systematic review. Frontiers in Computer Science, 6. 

https://doi.org/10.3389/fcomp.2024.1521066  

Gupta, N., Ali, K., Jiang, D., Fink, T., & Du, X. (2024). Beyond autonomy: Unpacking self-

regulated and self-directed learning through the lens of learner agency- a scoping 

review. BMC Medical Education, 24(1), 1519. https://doi.org/10.1186/s12909-024-

06476-x  

Hong, X., & Guo, L. (2025). Effects of AI-enhanced multi-display language teaching systems 

on learning motivation, cognitive load management, and learner autonomy. Education 

and Information Technologies, 30(12), 17155–17189. https://doi.org/10.1007/s10639-

025-13472-1  

Huang, J., Zhong, Y., & Chen, X. (2025). Adaptive and personalized learning in STEM 

education using high-performance computing and artificial intelligence. The Journal of 

Supercomputing, 81(8), 981. https://doi.org/10.1007/s11227-025-07481-7  

Ješková, Z., Lukáč, S., Šnajder, Ľ., Guniš, J., Klein, D., & Kireš, M. (2022). Active learning in 

STEM education with regard to the development of inquiry skills. Education Sciences, 

12(10), 686. https://doi.org/10.3390/educsci12100686  

Jin, S.-H., Im, K., Yoo, M., Roll, I., & Seo, K. (2023). Supporting students' self-regulated 

learning in online learning using artificial intelligence applications. International 

Journal of Educational Technology in Higher Education, 20(1), 37. 

https://doi.org/10.1186/s41239-023-00406-5  

Katsenou, R., Kotsidis, K., Papadopoulou, A., Anastasiadis, P., & Deliyannis, I. (2025). 

Beyond assistance: Embracing AI as a collaborative co-agent in education. Education 

Sciences, 15(8), 1006. https://doi.org/10.3390/educsci15081006  

Kayal, A. (2024). Transformative pedagogy: A comprehensive framework for AI integration 

in education (pp. 247–270). https://doi.org/10.1007/978-3-031-72410-7_14  

Kharroubi, S., & ElMediouni, A. (2024). Conceptual review: Cultivating learner autonomy 

through self-directed learning & self-regulated learning: A socio-constructivist 

https://doi.org/10.1007/s10936-025-10175-z
https://doi.org/10.1007/s40692-024-00328-9
https://doi.org/10.1186/s40594-020-00225-4
https://doi.org/10.1007/s10984-019-09293-y
https://doi.org/10.61489/30053447.3(1).69
https://doi.org/10.3389/fcomp.2024.1521066
https://doi.org/10.1186/s12909-024-06476-x
https://doi.org/10.1186/s12909-024-06476-x
https://doi.org/10.1007/s10639-025-13472-1
https://doi.org/10.1007/s10639-025-13472-1
https://doi.org/10.1007/s11227-025-07481-7
https://doi.org/10.3390/educsci12100686
https://doi.org/10.1186/s41239-023-00406-5
https://doi.org/10.3390/educsci15081006
https://doi.org/10.1007/978-3-031-72410-7_14


 
e-ISSN: 3046-5419; p-ISSN: 3032-6249, Hal 14-33 

 
 

exploration. International Journal of Language and Literary Studies, 6(2), 276–296. 

https://doi.org/10.36892/ijlls.v6i2.1649  

Kluwer, E. S., Karremans, J. C., Riedijk, L., & Knee, C. R. (2020). Autonomy in relatedness: 

How need fulfillment interacts in close relationships. Personality and Social 

Psychology Bulletin, 46(4), 603–616. https://doi.org/10.1177/0146167219867964  

Koul, S., & Nayar, B. (2021). The holistic learning educational ecosystem: A classroom 4.0 

perspective. Higher Education Quarterly, 75(1), 98–112. 

https://doi.org/10.1111/hequ.12271  

Lee, F., & Wong, S. W. (2025). Surgical education reimagined: The convergence of learning 

theories and artificial intelligence. BMC Medical Education, 26(1), 38. 

https://doi.org/10.1186/s12909-025-08039-0  

Leon, C., Lipuma, J., & Oviedo-Torres, X. (2025). Artificial intelligence in STEM education: 

A transdisciplinary framework for engagement and innovation. Frontiers in Education, 

10. https://doi.org/10.3389/feduc.2025.1619888  

Lin, C.-C., Huang, A. Y. Q., & Lu, O. H. T. (2023). Artificial intelligence in intelligent tutoring 

systems toward sustainable education: A systematic review. Smart Learning 

Environments, 10(1), 41. https://doi.org/10.1186/s40561-023-00260-y  

Lujak, M., Slavkovik, M., Lebis, A., Vermeulen, M., & Doniec, A. (2022). Objective tests in 

automated grading of computer science courses: An overview (pp. 239–268). 

https://doi.org/10.1007/978-3-031-04662-9_12  

Luo, L. (2025). Fostering higher-order thinking skills of undergraduate students: The 

integration of blended learning in college English teaching. 14th International 

Conference on Educational and Information Technology (ICEIT), 281–290. 

https://doi.org/10.1109/ICEIT64364.2025.10975908  

Mingfeng, L., & Wang, Y. (2026). Artificial intelligence in the classroom: Implications for 

pedagogical design and student agency in secondary education. 

https://doi.org/10.21203/rs.3.rs-8166344/v1  

Nghiem, X.-H., Yadav, R., Yadav, M., Dewasiri, N. J., & Ranasinghe, A. (2025). Project-based 

learning and inquiry-based learning. In Exploration of K-12 Teaching and Learning for 

Teacher Educators (pp. 231–260). IGI Global. https://doi.org/10.4018/979-8-3693-

9370-3.ch009  

Norm Lien, Y.-C., Wu, W.-J., & Lu, Y.-L. (2020). How well do teachers predict students' 

actions in solving an ill-defined problem in STEM education: A solution using 

sequential pattern mining. IEEE Access, 8, 134976–134986. 

https://doi.org/10.1109/ACCESS.2020.3010168  

Pacheco, A. J., Boude Figueredo, O. R., Chiappe, A., & Fontán de Bedout, L. (2025). AI-

powered learning analytics for metacognitive and socioemotional development: A 

systematic review. Frontiers in Education, 10. 

https://doi.org/10.3389/feduc.2025.1672901  

Piaget, J., & Cook, M. (1952). The origins of intelligence in children (5th ed., Vol. 8). 

International Universities Press. https://doi.org/10.1037/11494-000  

Ponomariovienė, J., & Jakavonytė-Staškuvienė, D. (2025). Manifestation of learner agency in 

primary education: Goal setting, implementation, and reflection in the context of 

https://doi.org/10.36892/ijlls.v6i2.1649
https://doi.org/10.1177/0146167219867964
https://doi.org/10.1111/hequ.12271
https://doi.org/10.1186/s12909-025-08039-0
https://doi.org/10.3389/feduc.2025.1619888
https://doi.org/10.1186/s40561-023-00260-y
https://doi.org/10.1007/978-3-031-04662-9_12
https://doi.org/10.1109/ICEIT64364.2025.10975908
https://doi.org/10.21203/rs.3.rs-8166344/v1
https://doi.org/10.4018/979-8-3693-9370-3.ch009
https://doi.org/10.4018/979-8-3693-9370-3.ch009
https://doi.org/10.1109/ACCESS.2020.3010168
https://doi.org/10.3389/feduc.2025.1672901
https://doi.org/10.1037/11494-000


 
 

Reconceptualizing Student Agency in AI-Supported STEM Learning: A Qualitative Study of Autonomy, 
Regulation, and Dependency 

 

31 POLYGON - VOLUME. 4 NOMOR. 2 MARET 2026  

  
 

 

competency-based learning. Behavioral Sciences, 15(8), 1116. 

https://doi.org/10.3390/bs15081116 

Rao, L., Tian, Y., & Atento, R. G. (2025). Adoption and perceived effectiveness of AI in 

education: Personalization, outcomes, and equity. International Journal of Health & 

Business Analytics, 1(1). https://doi.org/10.65166/qgq89291  

Ryan, R. M., & Deci, E. L. (2020). Intrinsic and extrinsic motivation from a self-determination 

theory perspective: Definitions, theory, practices, and future directions. Contemporary 

Educational Psychology, 61, 101860. https://doi.org/10.1016/j.cedpsych.2020.101860  

Ryan, R. M., & Deci, E. L. (2023). Self-determination theory. In Encyclopedia of Quality of 

Life and Well-Being Research (pp. 6229–6235). Springer International Publishing. 

https://doi.org/10.1007/978-3-031-17299-1_2630  

Sajja, R., Sermet, Y., Cwiertny, D., & Demir, I. (2025). Integrating AI and learning analytics 

for data-driven pedagogical decisions and personalized interventions in education. 

Technology, Knowledge and Learning. https://doi.org/10.1007/s10758-025-09897-9  

Salgado Granda, B., Inzhivotkina, Y., Ibáñez Apolo, M. F., & Ugarte Fajardo, J. G. (2024). 

Educational innovation: Exploring the potential of generative artificial intelligence in 

cognitive schema building. Edutec, Revista Electrónica de Tecnología Educativa, (89), 

44–63. https://doi.org/10.21556/edutec.2024.89.3251  

Salman, M., Ganie, S. A., & Saleem, I. (2020). The concept of competence: A thematic review 

and discussion. European Journal of Training and Development, 44(6/7), 717–742. 

https://doi.org/10.1108/EJTD-10-2019-0171  

Shocheb, A., Ibrohim, I., & Muntholib, M. (2025). The effect of the problem-oriented project-

based learning model assisted by artificial intelligence on students' problem-solving and 

communication skills. Edubiotik: Jurnal Pendidikan, Biologi Dan Terapan, 10(02), 

424–441. https://doi.org/10.33503/ebio.v10i02.1551  

Shogren, K. A., & Raley, S. K. (2022). Causal agency theory: A theoretical framework for 

understanding self-determination. In Self-Determination and Causal Agency Theory 

(pp. 29–36). Springer International Publishing. https://doi.org/10.1007/978-3-031-

04260-7_3  

Shuell, T. J. (2021). Learning theory, instructional theory, and adaptation. In Aptitude, 

Learning, and Instruction (pp. 277–302). Routledge. 

https://doi.org/10.4324/9781003163145-24  

Sidiropoulos, E. (2022). The influence of higher education on student learning and agency for 

sustainability transition. Sustainability, 14(5), 3098. 

https://doi.org/10.3390/su14053098  

Siu, K. W. M., Zou, J., Jiang, Y., Yang, Z., Zhang, K., & Zhao, T. (2025). Dynamic scaffolding: 

Exploring the role of artificial intelligence in urban design education. Frontiers of 

Urban and Rural Planning, 3(1), 8. https://doi.org/10.1007/s44243-025-00060-7  

Smith, K., Maynard, N., Berry, A., Stephenson, T., Spiteri, T., Corrigan, D., Mansfield, J., 

Ellerton, P., & Smith, T. (2022). Principles of problem-based learning (PBL) in STEM 

education: Using expert wisdom and research to frame educational practice. Education 

Sciences, 12(10), 728. https://doi.org/10.3390/educsci12100728  

https://doi.org/10.3390/bs15081116
https://doi.org/10.65166/qgq89291
https://doi.org/10.1016/j.cedpsych.2020.101860
https://doi.org/10.1007/978-3-031-17299-1_2630
https://doi.org/10.1007/s10758-025-09897-9
https://doi.org/10.21556/edutec.2024.89.3251
https://doi.org/10.1108/EJTD-10-2019-0171
https://doi.org/10.33503/ebio.v10i02.1551
https://doi.org/10.1007/978-3-031-04260-7_3
https://doi.org/10.1007/978-3-031-04260-7_3
https://doi.org/10.4324/9781003163145-24
https://doi.org/10.3390/su14053098
https://doi.org/10.1007/s44243-025-00060-7
https://doi.org/10.3390/educsci12100728


 
e-ISSN: 3046-5419; p-ISSN: 3032-6249, Hal 14-33 

 
 

Stenalt, M. H., & Lassesen, B. (2022). Does student agency benefit student learning? A 

systematic review of higher education research. Assessment & Evaluation in Higher 

Education, 47(5), 653–669. https://doi.org/10.1080/02602938.2021.1967874  

Strielkowski, W., Grebennikova, V., Lisovskiy, A., Rakhimova, G., & Vasileva, T. (2025). AI-

driven adaptive learning for sustainable educational transformation. Sustainable 

Development, 33(2), 1921–1947. https://doi.org/10.1002/sd.3221  

Taber, K. S. (2020). Mediated learning leading development—the social development theory 

of Lev Vygotsky. In Social Development Theory (pp. 277–291). 

https://doi.org/10.1007/978-3-030-43620-9_19  

Tan, A.-L., Ong, Y. S., Ng, Y. S., & Tan, J. H. J. (2023a). STEM problem solving: Inquiry, 

concepts, and reasoning. Science & Education, 32(2), 381–397. 

https://doi.org/10.1007/s11191-021-00310-2  

Tan, H., & Kidman, G. (2025). Twenty-first century skills and STEM education: A review of 

literature. In Knowledge Generation in STEM and STEAM Education (pp. 127–173). 

Springer Nature Switzerland. https://doi.org/10.1007/978-3-032-03247-8_5  

Taub, M., Sawyer, R., Smith, A., Rowe, J., Azevedo, R., & Lester, J. (2020). The agency effect: 

The impact of student agency on learning, emotions, and problem-solving behaviors in 

a game-based learning environment. Computers & Education, 147, 103781. 

https://doi.org/10.1016/j.compedu.2019.103781  

Tseng, J.-J., Chai, C. S., Tan, L., & Park, M. (2022). A critical review of research on 

technological pedagogical and content knowledge (TPACK) in language teaching. 

Computer Assisted Language Learning, 35(4), 948–971. 

https://doi.org/10.1080/09588221.2020.1868531  

Valquaresma, A. (2024). Creativity, agency and meaning-making: Unfolding developmental 

possibilities in twenty-first-century learning environments. In Twenty-First-Century 

Learning (pp. 105–126). https://doi.org/10.1007/978-3-031-73393-2_5  

Vygotsky, L. S., & Cole, M. (1978). Mind in society: Development of higher psychological 

processes. Harvard University Press.  

Xi, J., & Lantolf, J. P. (2021). Scaffolding and the zone of proximal development: A 

problematic relationship. Journal for the Theory of Social Behaviour, 51(1), 25–48. 

https://doi.org/10.1111/jtsb.12260  

Xiao, K., & He, Y. (2025). Adaptive AI agent systems for personalized learning: Frameworks, 

algorithms, and practical applications in education. 5th International Conference on 

Artificial Intelligence and Education (ICAIE), 108–112. 

https://doi.org/10.1109/ICAIE64856.2025.11158641  

Xu, X., Qiao, L., Cheng, N., Liu, H., & Zhao, W. (2025). Enhancing self-regulated learning 

and learning experience in generative AI environments: The critical role of 

metacognitive support. British Journal of Educational Technology, 56(5), 1842–1863. 

https://doi.org/10.1111/bjet.13599  

Yekollu, R. K., Bhimraj Ghuge, T., Sunil Biradar, S., Haldikar, S. V., & Farook Mohideen 

Abdul Kader, O. (2024). AI-driven personalized learning paths: Enhancing education 

through adaptive systems. In Knowledge Generation in Education (pp. 507–517). 

https://doi.org/10.1007/978-981-97-3191-6_38  

https://doi.org/10.1080/02602938.2021.1967874
https://doi.org/10.1002/sd.3221
https://doi.org/10.1007/978-3-030-43620-9_19
https://doi.org/10.1007/s11191-021-00310-2
https://doi.org/10.1007/978-3-032-03247-8_5
https://doi.org/10.1016/j.compedu.2019.103781
https://doi.org/10.1080/09588221.2020.1868531
https://doi.org/10.1007/978-3-031-73393-2_5
https://doi.org/10.1111/jtsb.12260
https://doi.org/10.1109/ICAIE64856.2025.11158641
https://doi.org/10.1111/bjet.13599
https://doi.org/10.1007/978-981-97-3191-6_38


 
 

Reconceptualizing Student Agency in AI-Supported STEM Learning: A Qualitative Study of Autonomy, 
Regulation, and Dependency 

 

33 POLYGON - VOLUME. 4 NOMOR. 2 MARET 2026  

  
 

 

Yildiz Durak, H., & Onan, A. (2025). A systematic review of AI-based feedback in educational 

settings. Journal of Computational Social Science, 8(4), 96. 

https://doi.org/10.1007/s42001-025-00428-1  

Zajda, J. (2021). Constructivist learning theory and creating effective learning environments. 

In Effective Learning Environments (pp. 35–50). https://doi.org/10.1007/978-3-030-

71575-5_3  

Zebua, N. (2024). Evaluating the impact of GenAI in high school education: A critical review. 

Polygon: Jurnal Ilmu Komputer Dan Ilmu Pengetahuan Alam, 2(6), 79–85. 

https://doi.org/10.62383/polygon.v2i6.296  

Zebua, N., & Ziraluo, Y. P. B. (2026). Bridging the gap: Integrating GenAI into secondary 

science curricula. In Harnessing Generative Artificial Intelligence for Science 

Education (pp. 137–162). IGI Global Scientific Publishing. 

https://doi.org/10.4018/979-8-3373-2913-0.ch005  

Zebua, N., Ibrohim, I., & Sulisetijono, S. (2025). Exploring the level of AI (artificial 

intelligence) digital literacy and creative thinking skills in high school students. 

Bioscientist: Jurnal Ilmiah Biologi, 13(1), 510–520. 

https://doi.org/10.33394/bioscientist.v13i1.14782  

Zebua, N., Ziraluo, Y. P. B., & Zebua, E. N. K. (2025). An investigation into artificial 

intelligence literacy among biology education students as a foundation for developing 

an AI-integrated curriculum in learning planning courses. International Review of 

Community Engagement, 1(3), 183–196. https://doi.org/10.62941/irce.v1i3.136  

Zhai, C., Wibowo, S., & Li, L. D. (2024). The effects of over-reliance on AI dialogue systems 

on students' cognitive abilities: A systematic review. Smart Learning Environments, 

11(1), 28. https://doi.org/10.1186/s40561-024-00316-7  

Zhang, J., Deng, X., Wu, T., & Wang, K. (2026). GenAI-supported flipped learning in 

preservice chemistry teacher education: Lesson-design performance, learning attitude, 

self-regulated learning, and critical thinking awareness. Behavioral Sciences, 16(4), 

514. https://doi.org/10.3390/bs16040514  

Zimmerman, B. J. (2002). Becoming a self-regulated learner: An overview. Theory Into 

Practice, 41(2), 64–70. https://doi.org/10.1207/s15430421tip4102_2 

https://doi.org/10.1007/s42001-025-00428-1
https://doi.org/10.1007/978-3-030-71575-5_3
https://doi.org/10.1007/978-3-030-71575-5_3
https://doi.org/10.62383/polygon.v2i6.296
https://doi.org/10.4018/979-8-3373-2913-0.ch005
https://doi.org/10.33394/bioscientist.v13i1.14782
https://doi.org/10.62941/irce.v1i3.136
https://doi.org/10.1186/s40561-024-00316-7
https://doi.org/10.3390/bs16040514
https://doi.org/10.1207/s15430421tip4102_2

