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Abstract. Artificial Intelligence (Al) is reshaping primary education across literacy, numeracy,
inclusion, and classroom orchestration. This systematic review synthesizes empirical research
from 2020 to 2025 to clarify how Al enhances learning and teaching in primary education. Draw-
ing on 94 studies identified through a PRISMA-guided process, the evidence shows that Al
adds the greatest value when it (a) personalizes feedback and practice, (b) scaffolds inquiry and
computational thinking, and (c) augments teacher decision-making through learning analytics.
Reported gains include reading fluency, problem-solving, motivation, and participation among
diverse learners. Yet progress remains constrained by uneven teacher AI-TPACK and assessment
literacy, infrastructural inequities, and ethical concerns regarding transparency, bias, and data
governance. Across studies, the most sustainable outcomes emerged from human-in-the-loop ap-
proaches where teachers interpret and moderate Al insights. The review argues that adequate and
equitable Al integration depends less on technical sophistication than on pedagogically grounded
design, robust professional development, and policy frameworks ensuring accountability and
equity by design. These findings inform future directions for educational policy, teacher prepara-
tion, and the ethical governance of Al-supported learning ecosystems.
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1. Introduction

The modern education system, which emerged during the Industrial Revolution, was
initially intended to produce disciplined, uniform workers suited to factory work. This
system prioritized efficiency and compliance over creativity and adaptability (OECD,
2019). Joel Mokyr (2001) referred to this model as “factory schools”, highlighting the
emphasis on discipline, punctuality, and obedience, skills essential for industrial work.
Over the past century, the role of teachers has shifted gradually from being transmit-
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ters of standardized knowledge to facilitators of diverse and creative learning (Furlong
et al., 2001; Labaree, 2008).

Over time, digital transformation and the rise of artificial intelligence (AI) have
redefined this landscape. Cynthia Solomon (1986) noted that educators who could in-
tegrate computer culture effectively knew when to intervene and when to let learners
explore independently. Today, Al tools extend that principle, acting as creative, ana-
lytical, and corrective partners in learning (Ilic et al., 2021). Al-assisted pedagogies
emphasize active knowledge construction, adaptive support, and metacognitive en-
gagement (Grubaugh et al., 2023). However, the growing integration of Al also raises
concerns about the balance between technological innovation and teacher autonomy.
Although teachers are expected to be independent, motivated, and lifelong learners,
institutional policies often impose rigid mandates for technology adoption without
adequate pedagogical support (Bondie & Dede, 2023).

Critical theorists such as Henry A. Giroux (2006) and Bernard Stiegler (2010;
2017) highlight the dual nature of technological progress in education, both emanci-
patory and disciplinary. Henry A. Giroux (2006) situates Al within a critical pedagogy
framework that protects teacher agency, while Bernard Stiegler (2017) argues that
without critical awareness, technological tools may standardize thought and diminish
creativity. Building on these ideas, Maurizio Ferraris (2022) adds that digitalization
reshapes documentation and cognition, reinforcing the need for ethical frameworks
that ensure technology serves human learning rather than controls it. Together, these
perspectives view Al as both an empowering and regulating force in education, em-
phasizing the need for ongoing critical engagement with its pedagogical and ethical
aspects.

In this setting, primary education serves a crucial role in shaping children’s re-
lationship with technology. Al tools like adaptive reading programs and generative
writing platforms offer personalized and creative learning experiences from a young
age. However, these advancements also prompt important questions about equity,
access, and ethical implementation. Despite rapid technological progress, there has
been limited systematic analysis of how Al impacts teaching and learning in primary
education, where pedagogical, developmental, and ethical factors are uniquely con-
nected.

This review, therefore, focuses on two main research questions:

RQ1: What are the key benefits of developing and implementing Al tools in pri-
mary education?

RQ2: What are the main challenges in developing and implementing Al tools in
primary education?

By addressing these questions, this review aims to offer a comprehensive under-
standing of how Al is reshaping teaching and learning practices in primary education,
while also identifying the essential conditions for its ethical, equitable, and sustainable
integration into educational contexts.
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2. Methodology

This review was conducted following the PRISMA 2020 framework to ensure a trans-
parent, replicable, and comprehensive approach to identifying, evaluating, and synthe-
sizing relevant literature (Page et al., 2021). The review was conducted in four main
stages (Fig. 1):
(1) Identification Identifying potentially relevant studies through database
searches and reference tracking.
(2) Screening Screening titles and abstracts to remove duplicates and clearly ir-
relevant works.
(3) Eligibility Assessing eligibility through a full-text review against predefined
inclusion and exclusion criteria.
(4) Included Including studies that met the final criteria for analysis.

Identification

Records identified through database search
WoS =396 | Scopus = 435 | Total = 831

s
Screening

Records after pedagogical filter (n=226)
Records after duplicates removed (n=217)

Excluded after careful screening (n=55)
* Secondary/higher education

* Conceptual/non-pedagogical Al

* Off-topic / not primary education

Eligibility
Full-text articles assessed for eligibility (n=162)

Excluded after careful screening for eligibility (n= 68)
* Methodological limitations

* Low relevance / insufficient data

* Duplicate/overlapping systematic reviews

Y
Included

Final synthesis
WoS =27 | Scopus = 67 | Total = 94

Fig. 1. PRISMA 2020 flowchart of study identification, screening, eligibility, and inclusion.
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2.1. Data Sources and Search Strategy

A systematic literature search was conducted in 2025 across two major academic da-
tabases, Scopus and the Web of Science (WoS) Core Collection, to identify empirical,
peer-reviewed studies examining the use of Al in primary education. The search pro-
cess followed a structured, two-step strategy to ensure both breadth and precision.

A broad query was formulated by combining the keywords “artificial intelligence”,
“primary education”, “elementary education”, “primary school”, and “elementary
school”. The search was limited to publications from 2020 to 2025 to capture the most
recent developments in Al integration within early education contexts. Additional filters
were applied to include only works published in English, classified as journal articles
or conference papers, and indexed under the subject areas Social Sciences, Computer
Science, or Informatics (see Table 1 for the complete search parameters).

This search identified a wide range of Al applications, including intelligent tutoring
systems, learning analytics, educational robotics, and generative Al in primary educa-
tion settings. All retrieved records were exported to Excel for deduplication and system-
atic screening in accordance with PRISMA 2020 guidelines (Page ef al., 2021).

The initial search yielded 435 records in Scopus and 396 in Web of Science (to-
tal = 831).

To focus on pedagogical and instructional dimensions, an additional filter (“teacher,”
“teaching,” “pedagogy,” “classroom”) was applied, reducing the corpus to 110 docu-
ments in Scopus and 116 in Web of Science (total = 226). After deduplication, 217
unique records remained.

The title and abstract screening procedure was carried out in line with the PRISMA
2020 guidance, ensuring consistency and clarity in the application of the inclusion and
exclusion criteria (Page et al., 2021). Of the 217 unique records screened, 55 were ex-
cluded at the title/abstract level for not meeting inclusion criteria (e.g., non-empirical
or non-pedagogical focus). The remaining 162 records underwent full-text assessment,
and 68 articles were excluded due to methodological limitations, low relevance, focus

EEINT3

Table 1
Keywords and Search Strings Used in the Review on Al in Primary Education (2020-2025)

Database Search String

Web of TS = ((“artificial intelligence” OR “Al tool *”” OR “Al application *” OR “Al in education”

Science (WoS) OR “machine learning” OR “generative AI” OR “ChatGPT”) AND (“primary education”
OR “elementary education” OR “primary school” OR “K-6" OR “basic education”) AND
(“teaching” OR “learning” OR “classroom practice”) AND (“benefit *” OR “advantage *”
OR “effect *” OR “challenge *” OR “barrier *” OR “teacher perception *” OR “student
outcome *”’))

Scopus TITLE-ABS-KEY ((“artificial intelligence” OR “Al tool *” OR “Al application * OR
“ChatGPT” OR “machine learning” OR “Al in education”) AND (“primary education”
OR “elementary education” OR “primary school” OR “K-6" OR “basic education””) AND
(“teaching” OR “learning” OR “classroom practice””) AND (“benefit *” OR “challenge *”
OR “barrier *” OR “teacher perception *” OR “student outcome *”))
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on secondary/higher education, or duplication with other systematic reviews. In total,
94 empirical studies met all inclusion criteria and were retained for data extraction and
synthesis (WoS = 27, Scopus = 67).

2.2. Data Extraction and Synthesis

Data were extracted into a structured Excel template designed to ensure transparency and
traceability throughout the review process. For each study, bibliographic and contextual
information (authors, year, title, source, DOI, keywords, database) and educational char-
acteristics (participant group (students, teachers, or multiple groups), subject area, Al
tool/type, study design, outcomes) were recorded. Each study was further classified into
one or more of the following analytical categories aligned with the review framework:
(1) Student learning, (2) Teacher and Professional Development, (3) Ethical-Inclusive—
Systemic Implications, and (4) Assessment and Agency.

Key findings were summarized according to two research questions: Benefits (RQ1)
and Challenges (RQ2). Where appropriate, studies were assigned to multiple categories
to reflect overlapping themes. Screening decisions and reasons for exclusion were docu-
mented to maintain a transparent audit trail.

Given the heterogeneity of study designs, contexts, and outcomes, no meta-analysis
was conducted. Instead, a narrative and thematic synthesis was applied to identify recur-
ring patterns, contrasts, and trends across educational domains and Al applications.

2.3. Study Quality Appraisal and Inter-Rater Reliability

Study quality was evaluated based on clarity of research aims, methodological transpar-
ency, and relevance to the review questions. Two reviewers independently screened all
records, extracted data, and coded studies using a shared coding framework to ensure
consistency. Any differences in inclusion or coding decisions were discussed until com-
plete agreement was reached.

Inter-rater reliability was measured for inclusion and thematic coding, yielding Co-
hen’s k = 0.82, indicating strong agreement among reviewers. This verifies the consis-
tency and transparency of the screening and coding procedures.

2.4. Eligibility Criteria

We included empirical, peer-reviewed studies that (a) examined Al uses in primary/
elementary education, (b) reported pedagogical or instructional outcomes (e.g., teaching
practices, assessment, learner engagement/achievement), and (c) involved teachers and/
or students in authentic school or classroom-proximate contexts. We excluded studies
focused exclusively on secondary/higher education, purely technical system evaluations
without an instructional component, opinion/conceptual papers, theses, non-English
texts, and grey literature.
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2.5. Limitations

This review has several limitations that should be acknowledged when interpreting its
findings. First, the analysis was limited to English-language studies published between
2020 and 2025, potentially excluding relevant research from other linguistic or regional
contexts. As a result, potentially valuable insights from non-English-speaking contexts
may be underrepresented.

Second, the relatively small and uneven distribution of available studies limits the
generalizability of the results. The majority of identified research originated from tech-
nologically advanced or high-income countries, which may not fully reflect the realities
of primary education systems in low- and middle-income contexts. Moreover, varia-
tions in curricula, technological infrastructure, teacher training, and cultural attitudes
toward Al create challenges in comparing outcomes across studies and applying them
universally.

Third, differences in research designs and measures further constrain the synthesis
of results. Many studies relied on small samples, short intervention durations, or explor-
atory designs, reducing the robustness of causal claims. In several cases, the method-
ological transparency regarding Al tools, data sources, and analytical procedures was
limited, making replication and comparison difficult.

Finally, the rapid pace of technological development means that findings from current
studies may quickly become outdated as new Al models, tools, and pedagogical frame-
works emerge. Future research should therefore adopt broader linguistic, geographical,
and longitudinal perspectives, while emphasizing methodological rigor, cross-cultural
validity, and open data practices to build a more comprehensive and inclusive evidence
base on the role of Al in primary education.

3. Results

A total of 94 empirical studies published between 2020 and 2025 were included in this
systematic review, providing a comprehensive overview of how Al tools are integrated
into primary education across diverse contexts. The reviewed research spans multiple
countries and encompasses various Al applications, including adaptive learning sys-
tems, intelligent tutoring, generative Al, learning analytics, and Al-assisted tools for
inclusive education (Fig. 2).

Most studies (43%) focused on teachers, reflecting a strong research emphasis on
educators’ readiness, competence, and experiences in integrating Al into teaching prac-
tice. Students represented 34% of the research samples, indicating substantial interest in
understanding how learners interact with Al tools and benefit from Al-supported learn-
ing environments. Studies involving multiple groups (19%) typically include teachers,
students, and, sometimes, parents, highlighting a collaborative perspective on Al inte-
gration within educational ecosystems. In contrast, only 4% of the studies focused on
future teachers, indicating that pre-service teacher preparation for Al integration remains
a relatively underexplored area in current research (Fig. 3).
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Fig. 2. Number of empirical studies on Al in primary education
published between 2020 and 2025.
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Fig. 3. Distribution of participant groups across the reviewed studies.

Most of the reviewed studies (n = 28) concentrated on Al literacy and general educa-
tion, highlighting the field’s focus on helping teachers and students build a basic under-
standing of Al concepts and ethics. The following most frequent categories were cross-
disciplinary and inclusive education (n = 20) and mathematics (n = 19), highlighting
AT’s role in fostering problem-solving, computational thinking, and broader educational
innovation. STEM/STEAM contexts (n = 14) also received considerable attention, es-
pecially in robotics and science education. In contrast, language and writing studies
(n = 13) formed a smaller but distinctive group, emphasizing Al’s potential to enhance
literacy and communication skills in primary classrooms (Table 2).

Furthermore, the analysis of author keywords revealed several recurring concepts
that reflect the core research priorities in the emerging field of Al in primary education.
As shown in Fig. 4, the most frequently used keywords include artificial intelligence,
generative Al, ChatGPT, teachers, students, and TPACK. These terms underscore the
dominant focus on technological innovation alongside pedagogical integration. In ad-
dition, frequently appearing concepts such as Al literacy, Al ethics, robots, and adap-
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Table 2

Thematic distribution of Al-related studies in primary education

Thematic group Number Main research focus Examples of topics

of
studies

Al literacy and 28 Studies focusing on students’, Al literacy, AI/ML education, Al ethics,

general education teachers’, or schools’ understanding teacher adoption, general classroom use
and application of Al concepts and of Al, Al curriculum, and knowledge
ethics. building.

Language and 13 Studies exploring how Al supports English learning, Chinese writing,

writing literacy skills, writing, and reading reading comprehension, speaking, and
comprehension. composition.

Mathematics 19 Research investigating Al tools in Computational thinking, mathematical
mathematical learning and problem- problem solving, mathematical reason-
solving. ing, and interactive math lessons.

STEM/STEAM 14 Studies integrating Al into science, Robotics, engineering design, science
technology, engineering, or inter- education, life sciences with AI, STEM
disciplinary design contexts. with IoT.

Cross-disciplinary, 20 Research addressing interdiscipli- Inclusion, cross-disciplinary learning,

inclusion, and
other themes

nary contexts, inclusive education,
creativity, or collaborative learning
environments.

educational innovation, social-emoti-
onal learning, and ethics.

B0
<_c Robots
°g
e Teachers
—5= O
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Students ‘G S_-U 8(3
Ai Ethics g&= % ()::Q.©
ez
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<CE Al

Fig. 4. Mapping of author keywords highlighting research trends

in Al and primary education.

tive learning point to a growing research emphasis on ethical awareness, digital com-
petence, and the development of personalized learning environments that respond to
individual learner needs.

The dominance of teacher- and student-related keywords indicates that research has
mainly focused on how Al tools affect teaching practices, learning outcomes, and pro-
fessional development. Meanwhile, the rise of generative Al and chatbots as prominent
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terms indicates a significant shift toward exploring human-AlI collaboration and creative
learning possibilities in education.

From the analyzed body of literature, four overarching thematic domains were iden-
tified: (1) student learning and cognitive processes, (2) teacher perspectives and profes-
sional development, (3) ethical, inclusive, and systemic approaches to Al integration,
and (4) assessment and learner agency. These domains capture how Al technologies are
being conceptualized, implemented, and evaluated within primary education settings.
The themes highlight key directions in current research, particularly the use of Al to
enhance learning outcomes, support teacher growth, and foster equitable and reflective
educational practices.

The following sections explore each thematic domain in detail, highlighting distinc-
tive pedagogical applications, methodological approaches, and emerging challenges that
require further research. A comprehensive overview of all reviewed studies and their
classification within these domains is included in Appendix I.

3.1. Student Learning and Cognitive Processes

Approximately 60 of the 94 studies' examine the impacts of Al on learning, engagement,
and participation across diverse contexts. Effects are strongest when Al interventions are
developmentally appropriate, teacher-guided, and responsive to the specific educational
context.

RQI. Key benefits

Across subjects, Al-supported environments improve performance and metacognitive
strategies. In science, Lee et al. (2021) introduced PRIMARYAI, a game-based envi-
ronment that integrates problem-based learning, Al, and ecological science to help up-
per-primary pupils explore life-science questions and Al concepts. Their study reported
greater problem-solving and conceptual improvements, later validated by Ottenbreit-
Leftwich et al. (2023) in follow-up classroom research.

In literacy, Al tools such as educational robots and automated feedback systems en-
hanced students’ attention, vocabulary, and revision quality, while teachers rated them
as highly usable (Huang et al., 2021; 2023). In mathematics, the Squirrel Al Intelligent
Adaptive Learning System improved fifth-graders’ cognitive development (Qiu et al.,
2025), while the ChatGPT-supported word-problem system (ChatGPT-MPS) yielded
higher post-test scores and greater learning interest (Liu ef al., 2025).

Beyond traditional subjects, Al tools fostered creative engagement and self-reflec-
tion: mobile Al drawing applications strengthened students’ creative self-efficacy, while
robotics-based Al sequences improved metacognitive regulation among low-achieving
and special-needs learners (Zeng et al., 2025; Absalon et al., 2025).

! Many studies addressed multiple thematic domains, for example, learning and teacher development, and
therefore, the reported counts reflect overlapping categories rather than mutually exclusive classifica-
tions.
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Large-scale initiatives demonstrate that Al can support inclusion. In Brazil, the
AIED “Unplugged” program reached over 8,000 schools and 160,000 students, achiev-
ing comparable writing gains in both rural and urban contexts, without reliance on the
internet (Portela et al., 2024). Rural research further highlights teachers’ need for of-
fline resources, flexible curricula, and targeted professional development (Castro et al.,
2025). In China, structured frameworks have strengthened Al and computational literacy
through a national curriculum defining 90 core Al concepts and 63 learning indicators
(Song et al., 2023), graphical programming sequences that strengthened computational
thinking (Xue et al., 2024), and classroom activities prompting pupils to reflect on AI’s
potential benefits and risks (Walan, 2025).

Generative Al tools that customize learning tasks based on students’ interests boost
intrinsic motivation (Tasdelen & Bodemer, 2025) and enhance language proficiency in
English as a Foreign Language settings, including oral skills (Yuan, 2024), vocabulary,
and conversational practice through immersive 3D learning environments (Xu et al.,
2025). Beyond individual learning, classroom analytics helped teachers refine instruc-
tion and foster more interactive learning environments (Zhu et al., 2023). In low-re-
source contexts, Al-powered social robots enabled individualized tutoring support and
helped address high teacher—pupil ratios, enabling one-to-one style assistance in large
classrooms (Rutatola ef al., 2025), while accessibility-focused innovations such as sign-
learning games using gesture recognition expanded learning opportunities for deaf and
hard-of-hearing pupils (Ulrich et al., 2024).

RQ2. Main challenges

Positive effects depend on careful pedagogical design and teacher mediation. Al feed-
back often lacks the multimodal sensitivity of human interaction. Direct comparisons
found that human tutors achieved twice the learning gains of Al agents in arithmetic
tasks (Anton et al., 2025). Generative systems may also yield inconsistent or overly tem-
plated outcomes unless teachers ensure creative ownership and clear evaluation criteria
(Xu et al., 2025; Zeng et al., 2025). Teachers frequently struggle to embed Al meaning-
fully within subject logic; a limited understanding of computational thinking can lead to
fragmented or superficial coding activities (Nordby et al., 2022). Similar challenges per-
sist in K-12 contexts, where insufficient technological and content knowledge hinders
meaningful Al integration (Yue et al., 2024). Infrastructure barriers such as bandwidth,
device access, and maintenance also limit implementation, especially in low-resource
settings, though unplugged approaches demonstrate scalable alternatives (Jiang & Li,
2023; Portela et al., 2024). Ethical concerns regarding privacy, bias, and algorithmic
transparency continue to arise, highlighting the importance of explicit instruction in
teaching Al ethics and explainability to students. (Sperling ef al., 2022; Walan, 2025).

Synthesis and future directions

Evidence at the primary education level supports the principle of human-AI comple-
mentarity. Al enhances learning most effectively when teachers guide its pedagogical
and ethical application (Lee ef al., 2021; Huang, 2021). Adaptive and generative sys-
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tems can scaffold inquiry, writing, and reasoning when guided by teacher interpretation
(Huang et al., 2023; Qiu et al., 2025) and refine instruction through real-time insights
(Tasdelen & Bodemer, 2025; Zhu et al., 2023). Sustainable impact depends on equity-
oriented and context-sensitive Al designs. Teachers in rural schools emphasize the need
for adaptable resources and professional development to bridge digital divides (Castro
et al., 2025), while large-scale initiatives confirm the scalability of unplugged Al solu-
tions in low-resource schools (Portela et al., 2024) and overcrowded classrooms (Ru-
tatola et al., 2025).

Future research should further investigate how Al-driven learning environments in-
fluence not only academic but also metacognitive and socio-emotional growth, ensuring
transparency, inclusivity, and co-design with teachers and students. Finally, longitudinal
and cross-context studies are crucial to developing sustainable models that promote eg-
uitable access and meaningful participation in Al-supported learning.

3.2. Teacher Perspectives and Professional Development

Approximately seventy studies examined teachers’ perceptions, practices, and readiness
to integrate Al into primary education. Across diverse educational contexts, teachers
generally viewed Al as a collaborative partner that can enhance instructional differentia-
tion, reduce administrative workload, and promote reflective teaching practices. Many
studies highlighted that Al tools were most effective when complementing, rather than
replacing, teachers’ pedagogical expertise, offering real-time feedback and formative
insights into students’ learning progress and needs.

RQI. Key benefits

Co-designed approaches and structured training consistently improved teacher confi-
dence and instructional quality. In PRIMARYALI, upper-primary teachers co-developed
inquiry units and reported greater confidence orchestrating Al-supported instruction
(Lee et al., 2021), later confirmed in follow-up classroom research emphasizing the
importance of embedded professional learning (Ottenbreit-Leftwich et al., 2023). In
Portugal, an AI/ML-based didactic sequence improved time management and student
autonomy (Silva et al., 2025), while rural area teachers valued offline-capable Al tools
for personalizing multigrade classrooms (Castro et al., 2025).

Generative Al games and conversational agents increased student engagement and
provided formative feedback when teachers participated in their design and facilita-
tion. (Xu et al., 2025). Survey evidence also shows that Al-related TPACK predicts
both readiness and positive attitudes toward Al integration (Yue et al., 2024). In teach-
er education, scenario-based generative Al improved preservice teachers’ self-efficacy
and Al literacy (Meegan & Young, 2025), while South Korean teachers emphasized
ATI’s value in automating administrative work and personalizing instruction (Oh &
Ahn, 2024).

Professional development programs have proved to be crucial; for example, a 75-
hour course based on the TPACK framework significantly enhanced teachers’ Al compe-
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tence and confidence (Sun ef al., 2023). Community-based initiatives and Al-supported
companions have encouraged reflective practice and agency (Tan et al., 2025), and na-
tional frameworks, such as China’s 90-concept Al curriculum, have provided strategic
implementation guidance (Song ef al., 2025).

Al analytics also supported reflection and real-time adaptation. Robotics-based and
adaptive learning systems enabled teachers to monitor cognitive growth and adjust tasks
accordingly (Absalon ef al., 2025; Qiu et al., 2025), while analysis of interactions in
smart classrooms revealed patterns of teacher-student dialogue that guided instructional
improvement (Zhu et al., 2023).

RQ2. Main challenges

Teachers continue to face significant gaps in Al knowledge, infrastructure, and policy
support. Misconceptions about Al’s functions often result in fragmented or overly tech-
nical lessons in early primary grades (Vogt et al., 2025). Limited computational thinking
skills lead to superficial coding activities detached from curricular aims (Nordby et al.,
2022). Teachers frequently compensate for algorithmic errors and unpredictability in
classroom applications (Sperling ef al., 2022) and call for sustained human oversight to
prevent misinformation and uphold ethical use (Ugras ef al., 2024).

Teachers emphasize the need for developmental calibration, as large language mod-
els often generate plausible but inaccurate reasoning (Getenet, 2024). Ethical safe-
guards prioritizing care are particularly vital in special education contexts (Giaouri &
Charisi, 2025). Hands-on experience remains the strongest predictor of teacher confi-
dence and readiness (Batubara et al., 2025), yet disparities in digital infrastructure and
unclear institutional frameworks continue to hinder implementation (Li & Manzari,
2025; Pyzalski, 2025).

Synthesis and future directions

Collectively, these studies position teachers as central mediators of AI’s educational
impact. Their professional judgment determines whether Al amplifies or undermines
learning goals. Sustained teacher learning, contextual support, and ethical reflection are
therefore not peripheral but foundational to the responsible adoption of Al in schools.

Future research should investigate how teachers’ roles evolve as Al systems become
more adaptive and generative, focusing on co-orchestration models where teachers and
Al systems share complementary roles in feedback, assessment, and differentiation.
Longitudinal studies could trace how teachers refine their practice through iterative Al
use and institutional learning.

Professional development should increasingly emphasize AI-TPACK, data ethics,
and interpretability, equipping teachers to explain Al processes to pupils, interpret out-
puts critically, and embed ethical reflection in everyday practice. Context-specific men-
toring, peer collaboration, and practice-based inquiry can help translate technical com-
petence into pedagogical fluency.

Policy alignment remains crucial. Clear standards for data governance, informed
consent, and transparency should guide classroom practice, while communication with
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parents can strengthen shared trust. National or regional frameworks integrating Al
literacy benchmarks into teacher standards can ensure that ethical and pedagogical ca-
pacities develop in parallel. Cross-cultural studies should compare policy and imple-
mentation models to distinguish contextual barriers from universal design principles.
When teacher learning, ethical oversight, and policy coherence advance together,
Al can evolve from a peripheral novelty into a sustainable pedagogical partner that
strengthens professional agency and supports equitable, human-centered innovation in
primary education.

3.3. Ethical, Inclusive, and Systemic Implications

Roughly 55 of the 94 studies address how Al can be integrated into primary education
in ethical, inclusive, and systemically workable ways. Collectively, they demonstrate
Al’s promise for personalization, participation, and access while foregrounding teacher
agency, governance, and equity as essential preconditions for meaningful implementa-
tion. The literature consistently emphasizes that ethical Al integration relies on techni-
cal innovation along with transparency, fairness, and accountability. Effective systems
must respect privacy, ensure accessibility for diverse learners, and align with educa-
tional values and child protection standards. Thus, Al in education is seen not just as
a tool for efficiency, but as a catalyst for fair, inclusive, and human-focused learning
ecosystems.

RQI. Key benefits

Inclusive outcomes are strongest when teachers co-design and mediate Al use. Studies
on humanoid robots integrated with ChatGPT reveal that teacher participation clarifies
ethical and pedagogical boundaries and increases student engagement (Sacco et al.,
2023). School—university collaboration similarly enhances teachers’ epistemological
understanding and classroom practices through sustained dialogue with researchers
(Dai, 2023). Teacher-guided uses of generative Al promote creativity and empathy
when supported by structured professional training and explicit ethical guidance (Ugras
etal.,2024).

Personalization is a recurrent driver of equity. Al can surface individual learning
needs and adapt feedback in hybrid Al-human contexts (Sreenath et al., 2024). Teachers
working with students with special educational needs reported that personalized Al sys-
tems improved engagement and diagnostic accuracy but required institutional support
and ethical safeguards (Bagabas, 2025). Rural projects applying intelligent monitoring
and learner profiling, localized inquiry-based “labor education” to community settings
(Wang et al., 2025).

Adult and institutional capacity-building remains critical. The China-specific Al-
TPACK scale provides a validated measure of primary teachers’ technological and
pedagogical competencies (Li & Nugraha, 2025), while the AILST framework as-
sesses perception, application, innovation, and ethical awareness to strengthen Al lit-
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eracy (Ning et al., 2025). Accessibility-focused innovations such as machine learning
sign language games (Ulrich et al., 2024), no-code robotics kits (Dahal ef al., 2025),
and early flow analytics for well-being (Rosas et al., 2022) broaden participation for
underrepresented learners. National studies emphasize the importance of human over-
sight to manage misinformation and ensure age-appropriate use (Ugras ef al., 2024),
alongside policies that align Al adoption with educational equity (Kopecky & Vorag,
2025; Pyzalski, 2025).

RQ2. Main challenges

Teachers’ willingness to adopt Al often surpasses institutional readiness. Limited train-
ing, high costs, and insufficient policy coordination constrain effective implementation
across contexts, from Saudi Arabia (Bagabas, 2025) to Serbia (Skobo & Sovié, 2025). In
the United States, primary teachers’ low Al literacy highlights the need for targeted pro-
fessional development (Philippakos & Rocconi, 2025). Accuracy and bias remain per-
sistent concerns, as large language models can produce plausible yet incorrect reason-
ing, requiring critical teacher verification and contextualization (Getenet, 2024). Across
Europe, teachers express concerns about overreliance on Al and declining authenticity in
learning. Polish teachers warn that automation may weaken trust and encourage academ-
ic dishonesty (Pyzalski, 2025), while Swedish studies emphasize embedding privacy,
authorship, and accountability principles into Al literacy frameworks (Walan, 2025).
Data governance challenges persist as engagement-tracking technologies raise issues of
consent, data minimization, and transparency (Rosas et al., 2022).

Systemic misalignment also slows adoption. Teachers’ behavioral intentions to use
Al depend on supportive environments and institutional planning (Li & Zhang, 2024),
yet incoherent curricula and policy gaps limit sustainable integration in schools (Skobo
& Sovié, 2025), while national-level analyses highlight the need for context-sensitive
frameworks to ensure Al use with educational equity (Kopecky & Vorac, 2025).

Synthesis and future directions

The reviewed studies share a common insight: ethical and inclusive Al integration de-
pends more on human and institutional capacity than on technology itself. Multi-level
coordination among teachers, policymakers, researchers, and communities is essential
for equitable and transparent implementation. Future research should focus on how
schools can implement ethical frameworks through classroom practices, developing
practical data governance models, transparent consent protocols, and culturally respon-
sive Al literacy curricula for both students and teachers. Policy and funding structures
must align with professional standards to ensure inclusion and accountability.

A promising direction lies in human-centered system design, where teachers co-cre-
ate ethical guidelines and contribute to the interpretability and fairness of Al tools. Lon-
gitudinal and cross-cultural studies can identify governance mechanisms that balance
innovation with equity and protection. Ultimately, when ethical reflection, institutional
alignment, and teacher empowerment evolve together, Al can become a systemic en-
abler of inclusion rather than a new axis of inequality.
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3.4. Assessment Innovation and Agency

Thirty-six studies examined how Al reshapes assessment and student agency in pri-
mary education. The evidence spans adaptive platforms, generative tools, robotics, and
multimodal analytics, highlighting AI’s potential to enrich feedback and strengthen
metacognitive engagement. These innovations mark a shift from traditional testing to
dynamic, formative, and personalized assessment, where learners receive continuous,
individualized feedback that strengthens self-regulation and ownership of learning. In
this context, assessment becomes a collaborative dialogue between students, teachers,
and intelligent systems.

RQI. Key benefits

The strongest outcomes emerge when Al is integrated into inquiry, feedback, and reflec-
tion processes. In science, PRIMARYAI provided game-based inquiry that enhanced
problem-solving for pupils aged 8—11 and helped teachers scaffold complex ideas more
effectively (Lee et al., 2021). Broader applications under China’s Double-Reduction
policy showed that Al agents linking families, schools, and communities improved sci-
entific inquiry competence through coordinated support (Xia et al., 2025).

In literacy, paragraph-level automated scoring tools delivered instant, actionable
feedback that improved students’ drafts and reduced teacher workload (Huang ef al.,
2023). Teacher-guided activities with ChatGPT boosted creative writing quality and
self-efficacy (Kiziltas, 2025). Similar trends were observed in mathematics, adaptive
systems delivered more precise, data-informed guidance (Qiu et al., 2025), while gen-
erative Al feedback increased confidence and socio-emotional engagement (Zheng &
Tse, 2023). Multimodal systems broadened assessment possibilities, for example, ges-
ture-recognition apps supported skill-specific feedback in music (Bravo et al., 2023),
and a brain-computer interface enabled collaborative language tasks with robots (Lee
et al., 2020).

Teacher expertise is also strengthened through Al-enhanced assessment tools. Itera-
tive dialogue between teachers and Al improved situational analysis and instructional
judgment (Huang & Yu, 2024). Frameworks such as AI-TPACK and the AILST offered
reliable diagnostics for teacher competence and reflection (Li & Nugraha, 2025; Ning
et al., 2025). Scalable systems like the BPNN-based, ability-oriented STEAM model,
allowing continuous monitoring (Shi & Rao, 2022) and validated Al learning progres-
sions for adaptive teaching (Chakraburty et al., 2024), exemplify systemic approaches
that sustain evidence-based instructional improvement.

Context-sensitive technologies further enhance learners. Low-cost robotics work-
shops promote playful engagement and iterative design (Dahal et al., 2024), while
wearable devices that link physiological signals to metacognitive awareness deepen en-
gagement in STEAM activities (Rosas et al., 2022). Furthermore, national survey data
indicate that students increasingly use generative Al for self-assessment and study sup-
port beyond the classroom (Kopecky & Vorag, 2025).
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RQ2. Main challenges

The main constraints relate to pedagogical alignment, interpretability, and ethics rather
than to technology itself. Teachers emphasize the need for reliable, transparent feed-
back systems, as inconsistencies in writing scores and opaque reasoning undermine
trust without precise calibration and curricular alignment (Huang et al., 2023). Com-
parative studies show that human tutors still outperform Al agents in arithmetic learn-
ing because of multimodal cues such as gesture and gaze that current systems cannot
replicate (Anton et al., 2025). Developmental misalignment also poses challenges, for
example, large language models may simulate reasoning but fail to reflect children’s
cognitive and social maturity (Getenet, 2024). For this reason, teacher agency through
critical interpretation and ethical judgment remains essential (Huang & Yu, 2024;
Kiziltas, 2025).

Implementation barriers also persist, particularly in data-intensive, hardware-depen-
dent systems (robotics, BCI, and smart classrooms) that raise privacy, consent, and cost
concerns (Lee et al., 2020; Fang et al., 2024). Such challenges are particularly evident
in low-resource schools with limited institutional oversight (Zhu et al., 2023). Finally,
overreliance on algorithmic feedback may weaken students’ critical reasoning unless
they are taught to critique and contextualize Al outputs (Zheng & Tse, 2023). Integrat-
ing critical Al literacy into classroom practice can turn such dependence into reflective
learning (Chakraburty ef al., 2024).

Synthesis and future directions

The reviewed studies view assessment as an active, interactive process where students,
teachers, and intelligent systems all share responsibility. When pedagogically grounded,
professional capacity building is explicit (Sun et al., 2023), and tools are context-sensi-
tive, including offline and low-cost options (Portela ef al., 2024; Castro et al., 2025) Al
enhances the validity, timeliness, and inclusiveness of feedback while preserving human
judgment and relationships (Li & Nugraha, 2025).

Future work should prioritize transparent, explainable, and developmentally ap-
propriate Al systems aligned with children’s cognitive growth. Assessments must go
beyond accuracy to measure consequential validity, how Al-mediated feedback influ-
ences motivation, self-efficacy, and long-term learning. Research should explore hybrid
human—AI orchestration models, defining when and how teachers intervene and how
learners critically engage with Al suggestions.

Equity and accessibility remain central imperatives. Further work should test low-
cost, no-code, and offline pathways that reduce infrastructure barriers and support
diverse learners, including those with disabilities, linguistic differences, and varying
socio-economic backgrounds. Data governance and consent protocols must be built
into system design, ensuring transparency about data use, bias mitigation, and child-
appropriate consent. Actively involving students and families in discussions about
how data are collected, interpreted, and acted upon can strengthen trust and ethical
awareness.
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Sustaining Al-enabled assessment requires robust teacher learning. Professional
development integrating AI-TPACK, assessment literacy, and data ethics is essential
to build interpretive and ethical competence. Longitudinal and mixed-methods studies
linking digital log data with classroom observations can trace how Al-based assessment
evolves in practice.

Overall, evidence suggests that Al can enhance primary assessment practices and
empower learners when implemented transparently, ethically, and in partnership with
teachers. Designing systems that prioritize consent, agency, and equity ensures that tech-
nology improves assessment quality and supports learning autonomy, without diminish-
ing the human relationships at the heart of primary education.

Integrative summary of findings

To synthesize the results across the four domains:

(1) Student learning and cognitive processes.

(2) Teacher perspectives and professional development.
(3) Ethical, inclusive, and systemic approaches to Al integration.
(4) Assessment and learner agency.

Table 3 presents a concise overview of the main benefits, challenges, and representa-
tive studies. Representative exemplar studies are summarized in Appendix II, which
presents key benefits, challenges, and typical Al uses identified across the reviewed

literature.

Table 3

Summary of Al integration in primary education across four domains

Domain

Typical Al Uses / Examples

Key Benefits (RQ1)

Main Challenges (RQ2)

3.1. Student
Learning and
Cognitive
Processes

3.2. Teacher
Perspectives
and
Professional
Development

3.3. Ethical,
Inclusive,
and Systemic
Implications

34.
Assessment
Innovation
and Agency

Adaptive/generative learn-
ing platforms (e.g., Squirrel
Al, ChatGPT-MPS); educa-
tional robots; unplugged Al;
classroom analytic

Co-designed Al learning
units (PRIMARYAI); adap-
tive feedback tools; Al-
TPACK-based PD; smart-
classroom analytics

Hybrid Al-human persona-
lization; AI-TPACK/AILST
frameworks; low-cost robo-
tics; sign-language Al tools;
learner-profiling systems

Automated essay scoring;
generative feedback; multi-
modal analytics; brain—com-
puter interfaces; low-cost
robotics; wearable sensors.

Improved academic outcomes,
engagement, and metacognitive
skills; supports inclusion and
creativity through adaptive and
unplugged Al

Co-design and PD strengthen
confidence, reflection, and ethical
fluency; Al reduces workload and
supports differentiation

Co-design and human-Al colla-
boration promote inclusion and
fairness; personalization enhan-
ces accessibility; frame-works
enhance teacher competence

Transforms assessment into for-
mative dialogue; strengthens self-
regulation and learner agency;
improves feedback validity

Requires teacher mediation;
limited multimodal feed-
back; uneven computational
literacy; infrastructural and
ethical gaps

Gaps in Al literacy and poli-
cy; misconceptions and al-
gorithmic unpredictability;
inequitable infrastructure;
need for ethical safeguards

Institutional capacity lags;
systemic misalignment; bias
and misinformation; unre-
solved data-governance and
consent issues

Opaque or developmentally
misaligned feedback; pri-
vacy and cost issues; risk
of overreliance; need for
ongoing teacher training
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4. Discussion

The synthesis of ninety-four studies shows that Al in primary education is more than just
an educational innovation; it catalyzes significant pedagogical transformation. Across var-
ious cultural and institutional settings, Al improves personalization, provides formative
feedback, and highlights ongoing tensions between automation and agency, efficiency and
empathy, innovation and equity. These findings position Al not as a substitute for teachers
but as a co-creator of learning, redefining pedagogical responsibility and agency.

Across studies, evidence converges on Al’s potential to enrich adaptive learning,
formative assessment, and reflective teaching. Adaptive Al-based learning environments
strengthened students’ conceptual understanding and self-regulation (Lee et al., 2021;
Qiu et al., 2025). Automated feedback tools improved writing revision and reflection
(Huang et al., 2023), while conversational Al fostered oral proficiency and learning
motivation (Yuan, 2024). Continuous interaction with Al-supported teachers’ reflec-
tive judgment and adaptive decision-making (Huang & Yu, 2024), complemented by
diagnostic tools that enhanced their pedagogical design skills and self-efficacy (Li &
Nugraha, 2025).

Despite notable progress, several limitations remain. Human tutors still surpass Al in
empathy and embodied understanding, qualities central to early learning (Anton et al.,
2025). Teachers’ uneven Al literacy and ethical awareness constrain pedagogical integration
(Yue et al., 2024). While low-cost, offline tools such as AIED-Unplugged proved effective
in rural Brazil (Portela et al., 2024), resource-intensive smart classrooms raise logistical
and equity concerns (Jiang & Li, 2023; Fang et al., 2024), underscoring that contextual
fit and teacher readiness matter more than technological sophistication. Concerns about
authorship, reliability, and transparency persist among teachers and students (Bower ef al.,
2024; Kuziltas, 2025), alongside risks of algorithmic bias and opaque feedback (Huang
et al., 2023; Chakraburty ef al., 2024). Equitable Al design is especially critical for under-
resourced or multilingual schools that rely on culturally adaptive, low-bandwidth solutions
(Castro et al., 2025; Zhu & Zhang, 2025), as unequal access may deepen divides (Kopecky
& Vorag, 2025). When teachers interpret Al insights and moderate automated feedback, they
transform technology into pedagogy, fostering learners’ metacognition, agency, and ethical
judgment. Embedding Al literacy and ethics in primary education curricula, as proposed by
S. Walan (2025) and A. Ottenbreit-Leftwich ef al. (2023), can nurture these competencies.

Teacher competence for Al is therefore more about orchestration than tools — the
skill of knowing when to let intelligence flow and when to regain control. In this emerg-
ing educational landscape, three interconnected levels of competence create a moral and
intellectual framework. The first is Al fluency with guardrails, which is not technical
mastery but epistemic humility, understanding how intelligence is simulated, where it fal-
ters, and how to reveal that uncertainty to children. The second, classroom orchestration,
is a choreography of presence and delegation, knowing when to hand over repetition to
the machine and draw learners back into the human circle of dialogue, care, and sense-
making. The third, design for equity, guarantees that technology remains accessible, ethi-
cal, and inclusive so that learning prospers even where bandwidth is limited and every
child interacts with Al as both a user and a co-creator. Together, these layers indicate that
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competence in the age of Al is not a checklist but a form of moral presence, a pedagogy
tuned to timing, ethics, and the delicate balance between guidance and freedom.

The next phase of Al integration in primary education should shift from pilot enthusi-
asm to systemic alignment. Policies must focus on empowering teachers, enhancing pro-
fessional development, and establishing transparent governance frameworks that protect
privacy, promote equity, and ensure inclusion. Schools need mechanisms for obtaining
informed consent appropriate for children, clear communication about data use, and
ongoing dialogue with families about Al’s purposes and boundaries. Future research
should investigate hybrid human—AlI collaboration models, examining when automated
guidance supports learning and when it may hinder curiosity or relational trust. Long-
term and cross-cultural studies are essential for evaluating the lasting impact, ethical
consistency, and cultural adaptability.

Ultimately, the actual value of Al in primary education will not be measured by its com-
putational ability but by its capacity to strengthen human connection and curiosity. When
teachers and students use Al as a creative, ethical, and collaborative partner, technology en-
hances the most human qualities of teaching, such as empathy, imagination, and the shared
pursuit of understanding. Basing Al in these values turns technological progress into edu-
cational justice, ensuring that innovation benefits learning rather than diminishing it.

5. Conclusion

This review summarizes recent empirical evidence on the development and implementa-
tion of Al in primary education, focusing on two main questions: the key benefits and
challenges of integrating Al. The findings reveal that Al is more than just a technological
innovation; it acts as a catalyst for a significant pedagogical transformation, reshaping
the relationships among teachers, learners, and knowledge itself.

In response to RQ1, the evidence shows that thoughtfully designed Al tools add
value by personalizing feedback and practice, scaffolding inquiry and computational
thinking, and amplifying teacher agency through analytics and co-design. When integra-
tion is pedagogically grounded and developmentally appropriate, Al can enrich forma-
tive assessment, support reflection, and extend learning beyond classroom boundaries.
However, as RQ2 highlights, significant barriers persist, including teachers’ uneven Al-
TPACK competence, limited assessment literacy, developmental misalignment of tools,
infrastructural inequalities, and unresolved issues of transparency, reliability, author-
ship, and data ethics in generative systems.

Looking forward, progress will depend less on expanding Al use and more on
thoughtful integration designs that maintain human interpretation at the core. Future
initiatives should focus on age-appropriate, curriculum-aligned applications where Al-
generated insights align with learning objectives in areas such as writing, reasoning, or
scientific inquiry. Teachers remain interpreters of meaning and care. Thus, professional
learning should combine theoretical knowledge with practice-based rehearsal, through
micro-teaching with Al, chatbot-simulated student dialogues, and iterative feedback cy-
cles. Diagnostic tools such as Al literacy and AI-TPACK scales can help identify specific
areas for targeted professional growth.
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From a systems perspective, equity-by-design must become a fundamental stan-
dard rather than just an aspiration. Sustainable implementation depends on offline-first,
low-cost, and localized pathways that fit teachers’ daily realities. Policy frameworks
should incorporate teacher override options, provide age-appropriate explainability for
children, and establish clear criteria for developmental suitability. Ethical governance
requires consent-by-design, data minimization, and transparent documentation of data
flows. At the policy level, integrating Al literacy and ethical standards into national
curricula and teacher training frameworks will be critical to sustain equitable and re-
sponsible implementation. Authorship and academic integrity guidance should clarify
the accountable use of generative tools. Importantly, student and family voices should
help define school-level norms for acceptable Al assistance, ensuring that well-being
and autonomy remain protected.

Future studies should prioritize depth over breadth, concentrating on long-term, con-
textually sensitive outcomes such as creativity, reasoning, and self-regulation. Assessing
cost-effectiveness, sustainability, and teacher workload will also be crucial. Contextual
and subgroup analyses remain critical, especially for learners with special educational
needs, multilingual students, and those in rural or low-resource contexts. Validation
studies linking AI feedback to human evaluations and learning progressions are needed,
alongside shared datasets and benchmarking protocols to ensure comparability across
different tools, age groups, and languages. Collaborative research-practice partnerships
can help connect classroom realities with policy implementation.

For practitioners and educational leaders, a gradual, evidence-based roadmap emerg-
es. Start small by integrating Al for lesson planning and formative feedback under teach-
er guidance. Scale up only what proves effective, transparent, and curriculum-aligned.
Additionally, institutionalize professional development systems, mentoring, and reflec-
tive analytics routines.

For developers, the design should focus on interpretability, age-appropriateness,
multimodal awareness, and teacher agency to adapt or edit outputs. Evaluation metrics
should extend beyond accuracy to include factors like trust, transparency, equity, and
pedagogical relevance.

The future of Al in primary education depends on balancing automation and human
judgment. When teachers, learners, and technologies collaborate through ethics, empa-
thy, and inquiry, AI becomes not a substitute for teaching but a way to enhance its core
qualities, such as curiosity, care, and creativity. Aligning Al’s technological advance-
ments with these lasting educational values remains both the field’s most significant op-
portunity and its most urgent responsibility.
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