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Abstract:

This study aimed to analyze the long-term effects of artificial intelligence integration into learning processes on adolescents’ agency and
cognitive independence and to explore potential future trajectories of cognitive development or decline. This qualitative study employed a
system dynamics approach. The system boundaries were defined around adolescents’ cognitive interactions with AI-based educational
technologies. Causal Loop Diagrams (CLDs) were used to model the relationships among key variables, including Al usage, mental effort,
critical thinking, response speed, and cognitive agency. Model validity was assessed through structure verification, extreme-condition testing,
and alignment with established theories of developmental and educational psychology. The model identified two major reinforcing feedback
loops. The first, termed the “Adaptive Decline Loop” (R1), demonstrated that excessive dependence on Al increases response efficiency
while reducing mental effort, weakening critical thinking skills and cognitive agency, and subsequently increasing reliance on Al. The second,
termed the “Symbiotic Evolution Loop” (R2), indicated that strategic use of Al as a cognitive scaffold enhances critical thinking, strengthens
cognitive agency, and promotes deeper learning. Foresight analysis further suggested that, in the absence of effective educational
interventions, a substantial cognitive divide may emerge by 2030 between passive Al consumers and strategic Al users. The findings suggest
that the cognitive consequences of artificial intelligence are determined less by the technology itself and more by the structure of human—Al
interaction. Educational systems that emphasize process-oriented assessment, metacognitive literacy, and strategically delayed feedback can
mitigate the erosion of cognitive agency and foster adolescents’ intellectual autonomy in the Al era.
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The rapid proliferation of artificial intelligence (Al), particularly generative Al technologies, has transformed educational
ecosystems and redefined how adolescents interact with information, knowledge production, and learning environments. Unlike
previous digital tools that primarily facilitated information access, contemporary Al systems increasingly participate in
cognitive processes such as content generation, problem-solving, decision-making, and personalized feedback. Consequently,
educational researchers have begun to question whether Al functions as a catalyst for cognitive development or as a mechanism
that gradually diminishes learners’ intellectual autonomy (Allison et al., 2025; Yim & Su, 2024).

Adolescence represents a critical developmental period characterized by the formation of self-regulation, critical thinking,
identity construction, and cognitive agency. During this stage, educational experiences significantly influence the development
of independent reasoning and lifelong learning competencies. Al-based educational technologies offer unprecedented
opportunities for personalized learning, adaptive instruction, and immediate feedback, potentially enhancing learning
effectiveness and accessibility (Jiang et al., 2025; Klasnja-Milicevi¢ & lvanovi¢, 2021). At the same time, scholars have
expressed concerns regarding excessive reliance on Al-generated responses, arguing that reduced cognitive effort may
undermine problem-solving abilities, critical reflection, and autonomous decision-making (Rubio, 2024; Swindell et al., 2024).

The growing literature on Al literacy emphasizes that future learners must not only know how to use Al tools but also
understand their technical, ethical, and social implications. Educational initiatives integrating Al literacy have demonstrated
the importance of fostering critical engagement with technology rather than passive consumption of algorithmically generated
content (Otero et al., 2023; Zhang et al., 2022). Similarly, research highlights that adolescents benefit most when Al is used as
a scaffold supporting inquiry, creativity, and reflection rather than as a substitute for thinking itself (\orales-Navarro et al.,
2026; Morales-Navarro et al., 2021).

Beyond educational outcomes, Al has become increasingly embedded in adolescent health, well-being, counseling, and
behavioral interventions, further expanding its influence on youth development (Giovanelli et al., 2023; Isaacs et al., 2024;
Rowe & Lester, 2020). Researchers have noted that Al-driven systems can enhance engagement, personalize support, and
improve service accessibility; however, concerns remain regarding dependency, diminished human agency, and inequitable
outcomes (Beg et al., 2024; Williams et al., 2024).

Current studies predominantly focus on short-term educational outcomes, technology acceptance, or instructional
effectiveness. Comparatively little attention has been paid to the long-term systemic consequences of Al integration on
adolescents’ cognitive independence. Furthermore, existing research often relies on linear models of cause and effect, despite
the inherently dynamic and recursive nature of interactions between adolescents, educational systems, and intelligent
technologies (Bulathwela et al., 2024; Giambruno et al., 2024; Vries, 2022). System dynamics offers a valuable framework for
addressing this gap by examining feedback structures, delayed effects, and emergent patterns over time.

The present study therefore sought to explore the future trajectory of adolescents’ cognitive agency in the age of artificial
intelligence by employing a qualitative system dynamics approach. Specifically, the study aimed to identify reinforcing and
balancing feedback mechanisms that may either weaken or strengthen cognitive independence under different patterns of Al
utilization. The investigation was grounded in contemporary debates surrounding Al education, teacher readiness, curriculum
reform, digital citizenship, data literacy, educational sustainability, and human-centered technology design.

Methods and Materials
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This study adopted a qualitative system dynamics methodology to investigate the long-term interaction between artificial
intelligence and adolescents’ cognitive independence. Rather than examining isolated variables through conventional
correlational methods, the study focused on identifying the underlying structural relationships that shape system behavior over
time.

The boundaries of the system were defined to encompass adolescents’ interactions with Al technologies in educational
environments, creative learning tasks, and problem-solving activities. A Causal Loop Diagram (CLD) was developed to
represent the relationships among key variables. The primary state variables included internal processing capacity, Al
dependency rate, cognitive agency, mental effort, critical thinking, and response speed.

The modeling process involved identifying causal connections among these variables and examining how they formed
feedback loops capable of reinforcing or transforming behavioral patterns over time. Particular attention was given to delayed
effects, recognizing that the cognitive consequences of Al use may emerge gradually rather than immediately.

Model validation was conducted through structure verification and extreme-condition testing. The conceptual structure of
the model was compared with established theories of learning, cognitive development, self-regulation, and educational
technology to ensure theoretical consistency and plausibility.

Findings

The analysis identified two dominant reinforcing feedback loops that shape the future trajectory of adolescents’ cognitive
independence.

The first loop, termed the Adaptive Decline Loop (R1), represents a self-reinforcing cycle of increasing dependency. In
this pathway, greater reliance on Al leads to reduced mental effort during learning tasks. Lower cognitive engagement
subsequently weakens critical thinking and problem-solving capabilities. As these capabilities deteriorate, learners perceive
tasks as increasingly difficult, which further strengthens their dependence on Al-generated assistance. Over time, this cycle
creates a progressive decline in cognitive agency and intellectual autonomy.

The second loop, termed the Symbiotic Evolution Loop (R2), represents a constructive developmental pathway. In this
scenario, Al functions as a cognitive scaffold rather than a substitute for thinking. Enhanced access to information and increased
response efficiency free cognitive resources for higher-order analytical activities. As adolescents devote more time to reflection,
synthesis, and abstract reasoning, their critical thinking skills improve. Enhanced critical thinking strengthens cognitive agency,
enabling more strategic and purposeful engagement with Al technologies. This creates a virtuous cycle of intellectual growth
and adaptive learning.

The model further revealed that educational systems constitute a critical leverage point influencing which pathway becomes
dominant. Feedback structures emphasizing process-oriented learning, delayed gratification, and metacognitive reflection tend
to activate the symbiotic evolution pathway. In contrast, environments prioritizing immediate results and rapid answer
production increase the likelihood of adaptive decline.

Future-oriented scenario analysis suggested the emergence of a significant cognitive divide by 2030. One group of
adolescents may become increasingly dependent on Al systems for routine cognitive tasks, exhibiting declining autonomy and
reduced critical engagement. Another group may develop advanced forms of cognitive mastery by strategically integrating Al
into reflective and self-directed learning processes. This divergence represents a potential structural inequality in future
educational and cognitive outcomes.

Discussion and Conclusion
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The findings indicate that the impact of artificial intelligence on adolescent cognitive development cannot be understood
through simplistic assumptions that technology is inherently beneficial or harmful. Instead, the consequences of Al emerge
from the interaction between technological capabilities, educational structures, and learner behaviors.

The Adaptive Decline Loop demonstrates how convenience-oriented Al use can unintentionally erode the very cognitive
capacities required for independent learning. When Al replaces rather than supports mental effort, learners risk becoming
passive consumers of knowledge rather than active constructors of understanding. This pattern highlights the importance of
preserving productive cognitive struggle as a central component of educational practice.

Conversely, the Symbiotic Evolution Loop illustrates the transformative potential of Al when employed as a tool for
extending human cognition. In this pathway, technology amplifies rather than replaces intellectual activity. Adolescents
leverage Al to access information efficiently while dedicating greater cognitive resources to interpretation, evaluation, and
innovation. Such interactions strengthen rather than weaken cognitive agency.

A particularly significant implication of the model is the projected emergence of a cognitive polarization effect. The future
may witness increasing differences between strategic Al users who cultivate higher-order thinking and dependent users who
gradually relinquish cognitive responsibility to intelligent systems. Educational institutions therefore play a crucial role in
determining which developmental trajectory becomes dominant.

The study suggests that future educational policies should prioritize Al literacy, critical thinking, metacognitive awareness,
and process-oriented assessment. Educational technologies should be designed to encourage inquiry, reflection, and analytical
reasoning rather than merely providing immediate solutions. Similarly, teacher preparation programs must emphasize the
pedagogical and ethical dimensions of Al integration, enabling educators to foster meaningful human-Al collaboration.

In conclusion, adolescents’ cognitive independence in the age of artificial intelligence is not determined by technological
advancement alone. Rather, it is shaped by the feedback structures governing how technology is used, taught, and embedded
within educational systems. Artificial intelligence can either contribute to the erosion of agency or facilitate the evolution of
learning. The decisive factor lies in whether educational environments cultivate dependency or empower learners to remain

active, reflective, and autonomous participants in their own cognitive development.

References

Akingbola, A., Benson, A. E., Makinde, A. O., Shekoni, M., Animashaun, K., & Fakiyesi, T. (2025). Post-Pandemic Era: Global Trends, Benéfits,
and Barriers in Integrating Artificial Intelligence Into Public Health Education. Frontiers in Public Health, 13.
https://doi.org/10.3389/fpubh.2025.1648970

Allison, J., Hwang, G. J., Mayer, R. E., MéAAag, N., Karnalim, O., Freitas, S. d., Ng, O. L., Huang, Y.-M., Hooshyar, D., Seidman, R. H., Al-Emran,
M., Mikropoulos, T. A., Schroeder, N. L., Roscoe, R. D., & Sanusi, I. T. (2025). From Generative Al to Extended Reality: Multidisciplinary
Perspectives on the Challenges, Opportunities, and Future of Educational Computing. Journal of Educational Computing Research,
63(6), 1327-1363. https://doi.org/10.1177/07356331251359964

Baker, B., Mills, K. A., McDonald, P., & Wang, L. (2023). Al, Concepts of Intelligence, and Chatbots: The “Figure of Man,” the Rise of Emotion,
and Future Visions of Education. Teachers College Record, 125(6), 60-84. https://doi.org/10.1177/01614681231191291

Beg, M. J., Verma, M., Vishvak Chanthar, K. M. M., & Verma, M. (2024). Artificial Intelligence for Psychotherapy: A Review of the Current
State and Future Directions. Indian Journal of Psychological Medicine, 47(4), 314-325. https://doi.org/10.1177/02537176241260819

Bulathwela, S., Pérez-Ortiz, M., Holloway, C., Cukurova, M., & Shawe-Taylor, J. (2024). Artificial Intelligence Alone Will Not Democratise
Education: On  Educational Inequality, Techno-Solutionism and Inclusive Tools. Sustainability, 16(2), 781.
https://doi.org/10.3390/su16020781

Chiu, T. K. F., & Chai, C. S. (2020). Sustainable Curriculum Planning for Artificial Intelligence Education: A Self-Determination Theory
Perspective. Sustainability, 12(14), 5568. https://doi.org/10.3390/su12145568

Choi, H., & Lee, M.-J. (2022). Analysis of Prerequisite Relation in Knowledge Graph Using ARM and MSMM: Focusing on Problem Evaluation
Data of K-12 Math. Journal of Digital Contents Society, 23(6), 1131-1140. https://doi.org/10.9728/dcs.2022.23.6.1131

O

Copyright: © 2026 by the authors. Published under the terms and conditions of Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) License.



http://creativecommons.org/licenses/by-nc/4.0
http://creativecommons.org/licenses/by-nc/4.0
https://doi.org/10.3389/fpubh.2025.1648970
https://doi.org/10.1177/07356331251359964
https://doi.org/10.1177/01614681231191291
https://doi.org/10.1177/02537176241260819
https://doi.org/10.3390/su16020781
https://doi.org/10.3390/su12145568
https://doi.org/10.9728/dcs.2022.23.6.1131

J%JW}AW}E}J}}ATQQJJ_M

Cortesi, S., Hasse, A., Lombana-Bermudez, A., Kim, S., & Gasser, U. (2020). Youth and Digital Citizenship+ (Plus): Understanding Skills for a
Digital World. SSRN Electronic Journal. https://doi.org/10.2139/ssrn.3557518

Giambruno, C., Carolina, J., Cardozo, H., Paulo, J., Fernandes, C., Bourroul, M., Perez-Alfaro, M., Pérez, M., Bolivia, A., Marotta, L., Alejandro,
S., Bustamante, M., Carolina, C., Méndez, P. M., Ecuador, C. M., Guyana, M., Rieble-Aubourg, S., Elacqua, G., Margitic,J. F., ... Lyra, T.
(2024). Education in the Amazon Region. https://doi.org/10.18235/0012989

Giovanelli, A., Rowe, J., Taylor, M., Berna, M., Tebb, K., Penilla, C., Pugatch, M., Lester, J. C., & Ozer, E. M. (2023). Supporting Adolescent
Engagement With Artificial Intelligence—Driven Digital Health Behavior Change Interventions. Journal of medical Internet research, 25,
e40306. https://doi.org/10.2196/40306

Gomez, L., & Omandam, M. J. B. (2023). Teachers' Initiated Ways in Handling Teenage Pregnancy Cases. Edukasiana Jurnal Inovasi
Pendidikan, 2(4), 294-307. https://doi.org/10.56916/ejip.v2i4.459

lli¢, M., Pdun, D., Sevi¢, N. P., Had%i¢, A., & Jianu, A. (2021). Needs and Performance Analysis for Changes in Higher Education and
Implementation of Artificial Intelligence, Machine Learning, and Extended Reality. Education Sciences, 11(10), 568.
https://doi.org/10.3390/educsci11100568

Isaacs, N., Ntinga, X., Keetsi, T., Bhembe, L., Mthembu, B., Cloete, A., & Groenewald, C. (2024). Are mHealth Interventions Effective in
Improving the Uptake of Sexual and Reproductive Health Services Among Adolescents? A Scoping Review. International journal of
environmental research and public health, 21(2), 165. https://doi.org/10.3390/ijerph21020165

Jiang, J., Bai, W,, Yin, Z., Liao, Z., & Zhong, X. (2025). Application of Digital-Intelligent Technologies in Physical Education: A Systematic
Review. Frontiers in Public Health, 13. https://doi.org/10.3389/fpubh.2025.1626603

Klasnja-Milicevi¢, A., & Ivanovi¢, M. (2021). E-Learning Personalization Systems and Sustainable Education. Sustainability, 13(12), 6713.
https://doi.org/10.3390/su13126713

Marques, L. S., Wangenheim, C. G. v., & Hauck, J. C. R. (2020). Teaching Machine Learning in School: A Systematic Mapping of the State of
the Art. Informatics in Education, 283-321. https://doi.org/10.15388/infedu.2020.14

Martins, R. M., & Wangenheim, C. G. v. (2022). Findings on Teaching Machine Learning in High School: A Ten - Year Systematic Literature
Review. Informatics in Education. https://doi.org/10.15388/infedu.2023.18

McBride, C., Lee, C. H., & Soep, E. (2024). “Gotta Love Some Human Connection”: Humanizing Data Expression in an Age of <scp>Al</Scp>.
Reading Research Quarterly, 59(4), 678-689. https://doi.org/10.1002/rrq.550

Morales-Navarro, L., Noh, D. J., Servat, L., Netting, C., Kafai, Y. B., & Metaxa, D. (2026). Building to Understand: Examining Teens' Technical
and  Socio-Ethical Pieces of Understandings in the Construction of Small Generative Language Models.
https://doi.org/10.48550/arxiv.2603.25852

Morales-Navarro, L., Kafai, Y. B., Jayathirtha, G., & Shaw, M. S. (2021). Investigating Creative and Critical Engagement With Computing in
the Hour of Code (Practical Report). 1-6. https://doi.org/10.1145/3481312.3481314

Mori, L. (2023). Woke in the Dark: Embracing Diversity and Trust Through Social and Emotional Learning in Education in the Age of Artificial
Intelligence. International Journal of Didactical Studies. https://doi.org/10.33902/ijods.202321482

Muttagin, 1. (2022). Necessary to Increase Teacher Competency in Facing the Artificial Intelligence Era. Al-Hayat Journal of Islamic
Education, 6(2), 549. https://doi.org/10.35723/ajie.v6i2.460

Otero, L. C., Catald, A., Fernandez-Morante, C., Taboada, M., Lépez, B. C., & Barro, S. (2023). Al Literacy in K-12: A Systematic Literature
Review. International Journal of Stem Education, 10(1). https://doi.org/10.1186/s40594-023-00418-7

Rowe, J., & Lester, J. C. (2020). Artificial Intelligence for Personalized Preventive Adolescent Healthcare. Journal of Adolescent Health, 67(2),
$52-S58. https://doi.org/10.1016/j.jadohealth.2020.02.021

Rubio, M. D. N. (2024). Generative Artificial Intelligence in Children and Adolescents: Impact and Future Directions. Glob J Pediat, 3(1), 1-
3. https://doi.org/10.54026/gjp/1013

Sanusi, I. T., Oyelere, S. S., & Omidiora, J. 0. (2022). Exploring Teachers' Preconceptions of Teaching Machine Learning in High School: A
Preliminary Insight From Africa. Computers and Education Open, 3, 100072. https://doi.org/10.1016/j.cae0.2021.100072

Seymoens, T., Audenhove, L. V., Broeck, W. V. d., & Marién, I. (2020). Data Literacy on the Road: Setting Up a Large-Scale Data Literacy
Initiative in the DataBuzz Project. Journal of Media Literacy Education, 12(3), 102-119. https://doi.org/10.23860/jmle-2020-12-3-9

Sihag, P., & Vibha, V. (2024). Transforming and Reforming the Indian Education System With Artificial Intelligence. Digital Education
Review(45), 98-105. https://doi.org/10.1344/der.2024.45.98-105

Swindell, A., Greeley, L., Farag, A., & Verdone, B. (2024). Against Artificial Education: Towards an Ethical Framework for Generative Artificial
Intelligence (Al) Use in Education. Online Learning, 28(2). https://doi.org/10.24059/0lj.v28i2.4438

Tanveer, M., Hassan, S., & Bhaumik, A. (2020). Academic Policy Regarding Sustainability and Artificial Intelligence (Al). Sustainability, 12(22),
9435, https://doi.org/10.3390/su12229435

Vries, P. d. (2022). The Ethical Dimension of Emerging Technologies in Engineering Education. Education Sciences, 12(11), 754.
https://doi.org/10.3390/educsci12110754

Williams, R., Alghowinem, S., & Breazeal, C. (2024). Dr. R.O. Bott Will See You Now: Exploring Al for Wellbeing With Middle School Students.
Proceedings of the Aaai Conference on Artificial Intelligence, 38(21), 23309-23317. https://doi.org/10.1609/aaai.v38i21.30379

Yim, I. H. Y., &Su, J. (2024). Artificial Intelligence (Al) Learning Tools in K-12 Education: A scoping Review. Journal of Computers in Education.
https://doi.org/10.1007/s40692-023-00304-9

oo ®

ol 48,5 &yg0 (CCBY-NC 4.0) Lales b illas 331 oy ygos dllia ol L]l odi g5 4 Blaie dllie pl Ll Goi> (olos VF+0 © Dl 3> g jore



http://creativecommons.org/licenses/by-nc/4.0
http://creativecommons.org/licenses/by-nc/4.0
https://doi.org/10.2139/ssrn.3557518
https://doi.org/10.18235/0012989
https://doi.org/10.2196/40306
https://doi.org/10.56916/ejip.v2i4.459
https://doi.org/10.3390/educsci11100568
https://doi.org/10.3390/ijerph21020165
https://doi.org/10.3389/fpubh.2025.1626603
https://doi.org/10.3390/su13126713
https://doi.org/10.15388/infedu.2020.14
https://doi.org/10.15388/infedu.2023.18
https://doi.org/10.1002/rrq.550
https://doi.org/10.48550/arxiv.2603.25852
https://doi.org/10.1145/3481312.3481314
https://doi.org/10.33902/ijods.202321482
https://doi.org/10.35723/ajie.v6i2.460
https://doi.org/10.1186/s40594-023-00418-7
https://doi.org/10.1016/j.jadohealth.2020.02.021
https://doi.org/10.54026/gjp/1013
https://doi.org/10.1016/j.caeo.2021.100072
https://doi.org/10.23860/jmle-2020-12-3-9
https://doi.org/10.1344/der.2024.45.98-105
https://doi.org/10.24059/olj.v28i2.4438
https://doi.org/10.3390/su12229435
https://doi.org/10.3390/educsci12110754
https://doi.org/10.1609/aaai.v38i21.30379
https://doi.org/10.1007/s40692-023-00304-9

\Fe 0 Jbgva;%o)wgfye)}:

Zhang, H., Lee, 1., Ali, S., DiPaola, D., Cheng, Y., & Breazeal, C. (2022). Integrating Ethics and Career Futures With Technical Learning to
Promote Al Literacy for Middle School Students: An Exploratory Study. International Journal of Artificial Intelligence in Education, 33(2),
290-324. https://doi.org/10.1007/s40593-022-00293-3

KonecHukoga, U. A. (2020). Innovative Changes in Education of the 2010s: Pro and Cons. International Dialogues on Education Journal, 7(1).
https://doi.org/10.53308/ide.v7il.6

O

Copyright: © 2026 by the authors. Published under the terms and conditions of Creative Commons Attribution-NonCommercial 4.0 International (CC BY-NC 4.0) License.



http://creativecommons.org/licenses/by-nc/4.0
http://creativecommons.org/licenses/by-nc/4.0
https://doi.org/10.1007/s40593-022-00293-3
https://doi.org/10.53308/ide.v7i1.6

