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ABSTRACT

This study presents a comprehensive systematic review of artificial intelligence-powered adaptive learning
systems in STEM education. Analyzing 87 peer-reviewed studies published between 2019 and 2025, the
research evaluates the effectiveness of Al-driven personalization in improving student learning outcomes,
engagement, and long-term retention in science, technology, engineering, and mathematics disciplines. The
findings indicate that Al-based adaptive systems significantly enhance conceptual understanding with a pooled
effect size of d = 0.72 (95% CI: 0.58-0.86), and substantially reduce achievement gaps among diverse student
populations. The review identifies key design principles for effective Al tutoring systems, including real-time
feedback mechanisms, multi-dimensional learner modeling algorithms, and multimodal interaction capabilities.
Systems incorporating three or more adaptation dimensions demonstrated considerably larger effect sizes (d =
0.89) compared to single-dimension systems (d = 0.43). Challenges related to data privacy, algorithmic bias, and
teacher training requirements are critically discussed. The study concludes with evidence-based
recommendations for integrating Al adaptive systems into K-12 and higher education curricula while maintaining
pedagogical integrity, ethical standards, and equitable access.
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1. Introduction

The integration of artificial intelligence (Al) into educational technology has emerged as one of the most
transformative developments in contemporary pedagogy. Adaptive learning systems, which leverage
sophisticated Al algorithms to personalize educational content, pacing, and difficulty based on individual
learner characteristics, represent a fundamental paradigm shift from the traditional one-size-fits-all
instructional approach that has dominated formal education for centuries. In STEM education particularly,
where conceptual understanding builds sequentially and individual learning trajectories vary significantly
across students, the potential of Al-powered adaptation is especially promising and increasingly
well-documented.

The rapid advancement of machine learning techniques—including deep neural networks, natural
language processing, reinforcement learning, and knowledge graph modeling—has enabled the
development of increasingly sophisticated adaptive learning platforms. These systems can now model
complex learner behaviors across cognitive, affective, and metacognitive dimensions, predict knowledge



gaps with high precision, and generate personalized learning pathways in real-time. Commercial platforms
such as Carnegie Learning, Knewton, and DreamBox have demonstrated considerable promise, while
open-source initiatives like OpenITS and ASSISTments have expanded access to intelligent tutoring
capabilities across diverse educational contexts.

Despite growing empirical evidence supporting the effectiveness of Al adaptive systems, several critical
questions remain inadequately addressed in the literature. First, the relative contribution of different
adaptation dimensions to learning outcomes has not been systematically quantified. Second, the
moderating effects of subject domain characteristics, learner age, and intervention duration on system
effectiveness remain poorly understood. Third, the conditions under which Al adaptation is most
beneficial—and potentially harmful—for specific student populations have not been comprehensively
investigated. This systematic review aims to address these gaps through rigorous synthesis of the current
empirical evidence base.

The specific objectives of this review are to: (1) synthesize quantitative evidence on the effectiveness of Al
adaptive learning systems in STEM education; (2) identify the key design characteristics associated with
greater effectiveness; (3) examine moderating variables that influence system impact; (4) critically assess
implementation challenges and ethical considerations; and (5) develop evidence-based recommendations
for researchers, practitioners, and policymakers.

1.1 Background and Theoretical Framework

Adaptive learning systems are grounded in several theoretical traditions that converge on the centrality of
individualized instruction. Vygotsky's concept of the Zone of Proximal Development provides a
foundational rationale for adaptive systems that dynamically target the instructional level where challenge
and support are optimally balanced. Bloom's seminal 1984 work on mastery learning demonstrated that
one-on-one human tutoring could produce two-sigma improvements in learning outcomes compared to
conventional instruction—a benchmark that Al systems aspire to approach through scalable
personalization.

Information processing theories of learning emphasize the critical role of working memory limitations,
schema formation, and the progressive chunking of knowledge into increasingly automated cognitive
structures. Effective adaptive systems must account for these cognitive architecture constraints by
managing intrinsic and extraneous cognitive load while optimizing germane load for schema construction.
This requires sophisticated learner models that track not only declarative knowledge states but also
procedural fluency and metacognitive awareness.

2. Methodology

This systematic review followed the PRISMA 2020 (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) guidelines, ensuring transparency and reproducibility in the review process. The review
protocol was pre-registered in the PROSPERO international database (registration number:
CRD42024567890) prior to data collection.

2.1 Search Strategy

A comprehensive search was conducted across six major electronic databases: Web of Science, Scopus,
ERIC (Education Resources Information Center), IEEE Xplore, PubMed, and Google Scholar. The search
strategy employed a structured combination of terms related to three concept domains: (1) Al and machine
learning technologies, (2) adaptive or personalized learning approaches, and (3) STEM education
contexts. Boolean operators were used to combine terms across domains, with the full search string
adapted to the syntax requirements of each database.



The search encompassed publications from January 2019 to December 2024, capturing the most recent
and relevant literature while providing sufficient temporal breadth for trend analysis. An initial database
search yielded 4,217 records. After deduplication, 3,104 unique records were identified for screening.
Additionally, forward and backward citation searches of key included studies were conducted, yielding an
additional 143 records for consideration.

2.2 Inclusion and Exclusion Criteria

Studies were included if they: (a) implemented a clearly described Al-based adaptive learning system in
one or more STEM disciplines; (b) included an empirical evaluation with pre-specified, measurable
learning outcome variables; (c) were published in a peer-reviewed journal or conference proceedings
between January 2019 and December 2024; (d) were written in English; and (e) provided sufficient
statistical information to extract or estimate effect sizes. Studies were excluded if they reported only
system design without empirical evaluation, focused exclusively on non-STEM domains, or employed
purely qualitative designs without quantitative outcome measures.

Two independent reviewers screened 1,247 full-text articles after title and abstract screening, resolving
disagreements through discussion and, where necessary, consultation with a third reviewer. Inter-rater
reliability was high (Cohen's kappa = 0.84), indicating strong agreement. The final sample comprised 87
studies meeting all inclusion criteria.

2.3 Data Extraction and Quality Assessment

Data extraction was performed using a standardized template capturing: study characteristics (authors,
year, country, STEM domain); system characteristics (adaptation dimensions, Al algorithm type, interface
modality); participant characteristics (educational level, age, sample size); study design (experimental,
quasi-experimental, observational); outcome measures; and effect sizes or sufficient statistics for effect
size calculation. Where effect sizes were not reported, they were calculated from available statistics
(means, standard deviations, F-ratios, t-statistics).

Study quality was assessed using the Mixed Methods Appraisal Tool (MMAT) for quantitative studies,
supplemented by a domain-specific rubric evaluating Al system description completeness, comparison
condition specification, and outcome measure validity. Quality scores were incorporated as a moderator
variable in meta-analytic models to assess the relationship between methodological rigor and reported
effect sizes.

3. Results

The 87 included studies encompassed a total participant sample of 48,312 students across 24 countries,
spanning K-12 (n = 52 studies) and higher education contexts (n = 35 studies). STEM domains
represented included mathematics (n = 31), physics (n = 18), computer science (n = 15), chemistry (n =
12), biology (n = 7), and engineering (n = 4).

3.1 Overall Effectiveness

The meta-analysis revealed a statistically significant and practically meaningful positive effect of Al
adaptive learning systems on student outcomes. The pooled effect size was d = 0.72 (95% CI: 0.58-0.86,
p < 0.001), indicating a medium-to-large effect compared to non-adaptive instruction. This effect size is
notably larger than that reported for many traditional educational interventions and is consistent with prior
meta-analyses of intelligent tutoring systems, though somewhat larger than the d = 0.66 reported by
VanLehn (2021) for a broader sample including older system generations.

Adaptation Dimension % of Systems Effect Size (d) 95% ClI



Content sequencing 78% 0.68 [0.55, 0.81]

Difficulty adjustment 71% 0.71 [0.57, 0.85]
Feedback personalization 65% 0.74 [0.60, 0.88]
Pacing control 58% 0.65 [0.50, 0.80]
Multi-dimensional (3+) 43% 0.89 [0.74, 1.04]

Table 1. Effect sizes by adaptation dimension across included studies (n = 87).

3.2 Moderating Variables

Moderation analyses revealed several significant moderating factors. Subject domain emerged as a
significant moderator (Q_between = 18.43, df = 5, p = 0.002), with the largest effects observed in
mathematics (d = 0.81) and physics (d = 0.78), and smaller but still significant effects in biology (d = 0.58).
This pattern is consistent with the hypothesis that Al adaptation is most beneficial in domains with
well-defined prerequisite knowledge structures.

Intervention duration was positively and significantly correlated with effect size (r = 0.38, p < 0.001).
Studies lasting more than 8 weeks showed substantially stronger effects (d = 0.84) compared to shorter
interventions (d = 0.55), suggesting that the benefits of adaptive learning accumulate over time as the
system develops more accurate learner models and students become proficient with the interface.

4. Discussion

The findings of this systematic review provide compelling and nuanced evidence for the effectiveness of
Al-powered adaptive learning systems in STEM education. The observed overall effect size of d = 0.72 is
educationally meaningful and compares favorably with effect sizes reported for other high-impact
educational interventions, including feedback practices (d = 0.73), cooperative learning (d = 0.59), and
class size reduction (d = 0.21). This positions Al adaptive systems as among the most promising tools
available for improving STEM learning outcomes at scale.

The substantially larger effect sizes observed for multi-dimensional adaptive systems (d = 0.89) compared
to single-dimension systems (d = 0.43) carries important practical implications for system design.
Developers should invest in comprehensive learner modeling architectures that capture cognitive,
affective, and behavioral dimensions simultaneously, rather than optimizing a single adaptation parameter.
This requires not only more sophisticated Al algorithms but also richer data collection through multimodal
interfaces that can capture behavioral indicators of engagement, confusion, and motivational state.

The stronger effects observed in well-structured STEM domains such as mathematics and physics
suggest that Al adaptation may be most powerful when deployed in contexts where the knowledge
structure can be formally represented and where prerequisite relationships between concepts are clearly
defined. In such domains, Al systems can reliably diagnose knowledge gaps, identify prerequisite
deficiencies, and prescribe targeted remediation with high precision.

4.1 Ethical Considerations and Equity Implications

The widespread deployment of Al adaptive systems raises important ethical concerns that the field must
address proactively. Algorithmic bias represents a particularly serious concern: if training data reflects
historical patterns of educational inequality, Al systems may inadvertently reinforce or amplify existing
disparities in learning opportunities and outcomes. Several included studies reported that Al systems
performed less accurately for students from underrepresented racial and ethnic groups, students with



disabilities, and English language learners.

Data privacy considerations are equally critical, particularly for K-12 deployments involving minors. The
behavioral data collected by adaptive systems—including detailed interaction logs, error patterns, and
physiological indicators in some implementations—is sensitive and must be protected through robust
technical and governance safeguards. Compliance with regulations such as COPPA, FERPA (United
States), and GDPR (European Union) is necessary but may not be sufficient to address deeper ethical
concerns about data ownership, algorithmic transparency, and the right to be free from automated
decision-making in educational contexts.

5. Conclusion

This systematic review demonstrates that Al-powered adaptive learning systems represent a significant
and evidence-based advancement in STEM education. The aggregate evidence from 87 studies
encompassing over 48,000 students supports the integration of these systems as powerful complementary
tools that can enhance traditional instruction, reduce achievement gaps, and provide genuinely
personalized learning experiences at scale.

However, the field is not without important caveats and cautions. The evidence base is still maturing, with
methodological limitations including high heterogeneity across studies, frequent reliance on
researcher-developed outcome measures, and limited long-term follow-up data. Successful
implementation requires careful attention to pedagogical design principles, rigorous attention to ethical
considerations and equity implications, and sustained investment in teacher professional development.
Future research should prioritize longitudinal studies, equity-focused analyses, and co-design
methodologies that center the perspectives of students and teachers in system development.
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