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Abstract

This study addresses a critical gap in educational technology research by simultaneously
examining the internal and external determinants of Artificial Intelligence (Al) integration in
primary mathematics instruction. Using a second-order Structural Equation Modeling (SEM)
framework, the study investigates how teachers’ attitudes and TPACK competencies (internal
factors), alongside policy support, infrastructure, and community engagement (external
factors), influence Al utilization among 516 primary school mathematics teachers in Jakarta,
Indonesia. The results reveal that internal factors have a strong direct effect on Al utilization
(B=0.791; p <0.001), while external factors exert a significant indirect influence via internal
mediators (B = 0.217; p < 0.001), despite an insignificant direct effect (B = 0.008; p = 0.908).
The model explains 78.1% of the variance in Al utilization (R* = 0.781) and shows high
predictive relevance (Q* > 0.70). These findings underscore the pivotal role of teacher
readiness in Al integration, with systemic support enhancing its effectiveness through internal
capacity-building. The study contributes an empirically validated instrument and a
comprehensive ecological model, offering actionable insights for policymakers and educators
in developing nations pursuing ethical, equitable, and sustainable Al integration in primary
education.
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Introduction

As global education undergoes digital transformation, Artificial Intelligence (Al) is
increasingly recognized for reshaping teaching strategies and how students learn (Sanabria-
Navarro et al., 2023; Walter, 2024). In Indonesia, this aligns with the 2022-2026 Digital
Transformation Strategic Plan, which highlights Al's potential in enhancing primary
mathematics education through adaptive tools, real-time insights, and personalized learning
support (Olmo-Mufioz et al., 2023; Pineda-Martinez et al., 2023). Tools like intelligent
tutoring systems and Al-driven assessments have been linked to improved student
engagement and conceptual mastery (Gadanidis, 2017; Hwang & Tu, 2021), while data-
informed instruction has been shown to boost both motivation and learning outcomes (Annus
& Kmet', 2024; Wei et al., 2024). Despite this, research remains concentrated on secondary
education in developed nations, with limited focus on Al integration at the primary level in
developing countries. This study aims to bridge that gap by exploring how Al can support
mathematics learning through the interaction of teacher preparedness and systemic support in
Indonesia’s educational landscape.

In this study, internal competences refer to teachers’ intrinsic capacities encompassing
two core constructs: attitudes toward Al and TPACK proficiency (Technological Pedagogical
Content Knowledge). The attitudinal component represents teachers’ beliefs about Al’s
utility, ease of use, and ethical implications (El Hajj & Harb, 2023), rooted in the Technology
Acceptance Model (TAM). Positive attitudes have been associated with proactive engagement
in Al-enabled platforms, such as intelligent tutoring systems and diagnostic learning analytics
(S. F. Ng et al., 2021). Meanwhile, TPACK competence, derived from the model by Jia et al.
(2022), reflects teachers’ ability to integrate content knowledge, pedagogy, and digital
technologies effectively. Teachers with high TPACK fluency are more capable of designing
meaningful, data-driven instruction using Al-enhanced tools (Rahimi & Kim, 2021; Ye et al.,
2024). In this study, internal competence functions not only as a cognitive-affective driver but
also as a pedagogical filter that determines the quality and ethics of Al integration.

External competences, in contrast, represent the institutional and ecological capacities
that scaffold and sustain Al integration. These include policy-level support, availability of
digital infrastructure, and parental or community involvement, as operationalized through the
E-TPACK model and Bronfenbrenner’s ecological systems theory (Tong & An, 2024).
External factors shape the broader ecosystem in which teachers operate; for instance, effective
policy mandates, equitable access to digital devices, and culturally informed community
engagement can significantly amplify teacher readiness (Azhar et al., 2022; Flores-Vivar &
Garcia-Penalvo, 2023). Conversely, institutional apathy, the digital divide, or Al-related
misconceptions within communities can constrain innovation uptake despite high individual
capacity (Scherer & Siddiq, 2019). This study postulates that internal competences mediate
the relationship between external supports and actual Al utilization, highlighting a reciprocal
dependency wherein systemic support enhances teacher capacity, which in turn enables
meaningful Al adoption.
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Effective integration of Artificial Intelligence (Al) in primary mathematics education
demands a conceptual framework that bridges pedagogical, psychological, and systemic
dimensions. This study proposes a synthesized model combining TPACK, TAM, and E-
TPACK. TPACK (Mishra et al., 2023) underscores the balance of content, pedagogy, and
technology as essential teacher competencies, while TAM (Davis & Grani¢, 2024) highlights
perceived usefulness and ease of use as key drivers of technology adoption (Li et al., 2024;
Ye et al., 2024). E-TPACK extends this by incorporating Bronfenbrenner’s ecological model,
emphasizing the role of contextual factors, individual, institutional, and structural, in shaping
teacher readiness. Together, these models form a comprehensive framework in which teacher
attitudes, TPACK mastery, and systemic support are critical to Al implementation. Teachers
with positive perceptions of Al, supported professionally and institutionally, are more likely
to apply it effectively in adaptive learning settings (Khong et al., 2023; Ma et al., 2024). Thus,
Al integration success hinges not only on individual readiness but also on coherent systemic
support within the educational ecosystem.

The rapid integration of Artificial Intelligence (Al) into education underscores an urgent
need to examine not only technological preparedness but also the alignment between
stakeholder capacities and policy frameworks, particularly in developing countries. While
scholarly interest in pedagogical competence and systemic support for Al-based education has
grown (El Hajj & Harb, 2023; Jia et al., 2022), there remains a notable scarcity of studies that
concurrently investigate both internal (teacher-level) and external (institutional-level) factors,
especially within the context of primary education in low- and middle-income countries such
as Indonesia. The novelty of this study lies in its ecological-contextual approach, which
integrates three theoretical models, TPACK, TAM, and E-TPACK, into a comprehensive
framework for examining how teacher readiness and systemic support interactively influence
Al adoption in primary mathematics education. This integrative model has rarely been applied
with empirical rigor, particularly through second-order reflective—formative modeling using
PLS-SEM, as implemented in this research. Existing studies have predominantly concentrated
on secondary or higher education in technologically advanced contexts (Li et al., 2024; Tang
et al., 2022), leaving a critical gap in understanding Al readiness among primary school
teachers in emerging urban environments.

Furthermore, this study introduces an empirically validated diagnostic instrument, the
Scale of Mathematics Teachers’ Technology Integration (SMTTI), which measures not only
teachers’ TPACK and attitudes toward Al but also incorporates systemic support components
such as educational policy, infrastructure, and community engagement, consistent with
Bronfenbrenner’s ecological systems theory. This represents a methodological advancement
over prior frameworks, which often analyse these variables in isolation. Another key
contribution is the study’s focus on Jakarta as a representative urban ecosystem within a
developing country. This context offers transferable insights for comparable socio-educational
settings across Southeast Asia and other similar regions. In contrast to earlier research that
tends to underemphasize the role of parents and communities (Khosravi et al., 2023; Scherer
& Siddiq, 2019), this study empirically demonstrates the indirect but pivotal influence of
these external factors, mediated through internal teacher readiness. Overall, this research
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addresses both methodological and contextual gaps in the current Al-in-education literature. It
offers a practical, evidence-based framework for policymakers and educators, providing
actionable insights for designing inclusive and context-sensitive Al integration strategies in
primary mathematics instruction. This dual theoretical and applied contribution distinguishes
the present study from previous work in the field.

Methods

Research design

This study adopts a second-order SEM within a reflective formative framework to examine
how internal and external factors shape Al integration in primary mathematics education. The
model captures the complexity of constructs like TPACK and systemic support, while
enabling analysis of indirect mediation effects (Hair & Alamer, 2022). Grounded in global
literature and tailored to Indonesia’s context, where many teachers lack technological
pedagogical skills and digital infrastructure remains limited, the study combines TPACK,
TAM, and E-TPACK to explain the interplay between teacher readiness and environmental
support in fostering effective Al adoption.

Participants

As Indonesia’s capital and a prominent urban education hub in Southeast Asia, Jakarta offers
a strategic context for investigating readiness and structural barriers to Al integration in
primary mathematics instruction. This study surveyed 516 primary mathematics teachers,
proportionally sampled across the city’s five administrative districts, representing public,
faith-based private, and inclusive schools. The sample’s diversity ensured representation
across socioeconomic and institutional contexts. Predominantly female (80.6%), in line with
national and international trends (Reuter et al., 2022), participants mostly taught grades 3 and
5, with 42.6% identifying as senior teachers, educators with strong pedagogical backgrounds
but potentially lower openness to technological innovation. This demographic and
institutional variation reflects Jakarta’s complex educational landscape and strengthens the
study’s analytical relevance and applicability to other multicultural urban settings in the
Global South.
Table 1. Demographic characteristics of research participants

Characteristic Category Frequency (n) Percentage (%)
Gender Female 416 80.6%
Male 100 19.4%
Teaching Experience 0-5 years 84 16.3%
6—-10 years 128 24.8%
11-15 years 83 16.1%
>15 years 220 42.6%
Grade Level Taught Grade 1 51 9.9%
Grade 2 87 16.9%
Grade 3 109 21.1%
Grade 4 83 16.1%
Grade 5 102 19.8%
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Characteristic Category Frequency (n) Percentage (%)

Grade 6 84 16.3%

School Type Public 314 60.9%
Private 202 39.1%

Administrative Region Central Jakarta 74 14.3%
North Jakarta 98 19.0%
West Jakarta 106 20.5%
South Jakarta 123 23.8%
East Jakarta 115 22.3%

Instrument

This study utilized the Scale of Mathematics Teachers’ Technology Integration (SMTTI),
adapted from Li et al. (2024), to assess primary mathematics teachers’ readiness to
incorporate Artificial Intelligence (AI) into instruction. Cross-cultural validation involved
forward—backward translation, expert evaluation, and a pilot with 35 teachers to ensure
linguistic precision and contextual alignment. The instrument is theoretically rooted in
TPACK (techno pedagogical knowledge), TAM (attitudinal and behavioural intention), and
ecological theory (systemic contextual influences). SMTTI measures two key domains:
internal factors (TPACK, TCK/TPK, and AI attitudes) and external factors (policy,
infrastructure, parental engagement, sociocultural norms). Data were modelled using a
second-order hierarchical structure combining reflective and formative indicators, following
Hair and Alamer (2022). Comprising 31 items on a five-point Likert scale, the instrument
captures beliefs about Al-enhanced learning tools and contextual supports such as digital
literacy and infrastructure availability. Psychometric validation yielded satisfactory results,
with factor loadings > 0.70, AVE > 0.50, CR > 0.80, and Cronbach’s alpha between 0.82—
0.89. Discriminant validity was supported via Fornell-Larcker and HTMT (< 0.90). The
online survey format facilitated broad participation while ensuring data integrity through
authentication and system safeguards. Overall, SMTTI is a theoretically sound and
empirically validated tool for diagnosing teacher preparedness and guiding Al integration
strategies in mathematics education.

Model fit and scale validity

Model fit was assessed using second-order reflective—reflective SEM to examine attitudes
toward Al, TPACK competence, and external contextual factors in elementary mathematics
instruction. The model demonstrated excellent fit (%*/df = 2.312, RMSEA = 0.049, SRMR =
0.036, CF1=0.963, TLI = 0.951), indicating strong structural validity. All constructs showed
high internal consistency (CR > 0.94; Cronbach’s o > 0.88), with convergent validity
supported by AVE values > 0.75. Discriminant validity was confirmed via the Fornell—
Larcker criterion. These results affirm the model’s empirical robustness and theoretical
soundness. The web-based SMTTI instrument not only facilitated efficient data distribution
but also enabled valid multi-construct measurement in a complex urban context such as
Jakarta. Nevertheless, it is important to expand the population scope and account for socio-
economic heterogeneity to further enhance external validity. Taken together, the findings
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affirm that SMTTI is a psychometrically sound and contextually valid tool for assessing
teachers’ readiness to adopt Al in a systemic and grounded manner.
Table 2. Summary of model fit indices for the SMTTI

Fit Obtained Good Fit Acceptable Fit Model Fit
Index Value Criteria Criteria Assessment

y?/df 2.312 <3 3-5 Good fit
RMSEA 0.049 <0.05 0.05-0.10 Close fit

SRMR 0.036 <0.05 0.05-0.08 Good fit

GFI 0.908 >0.95 0.90-0.95 Acceptable fit
AGFI 0.889 >0.90 0.85-0.90 Acceptable fit
NFI 0912 >0.95 0.90-0.95 Acceptable fit
CFI 0.963 >0.95 0.90-0.95 Excellent fit

TLI 0.951 >0.95 0.90 - 0.95 Excellent fit

Table 3 confirms the strong psychometric properties of the model, with Cronbach’s
alpha and Composite Reliability values exceeding 0.85, indicating high reliability. Elevated
AVE scores, notably for TPCK (0.960) and TCK_TPK (0.857), reflect substantial explanatory
power of the latent constructs. Discriminant validity, assessed via the Fornell-Larcker
criterion, is evident as the square roots of AVE surpass inter-construct correlations (e.g.,
VAVE of TPCK = 0.980 > correlation with TCK TPK = 0.889), affirming construct
distinctiveness. These results validate the model’s alignment with TPACK and E-TPACK
frameworks and support its methodological suitability for application in urban primary
education settings, including those with similar contextual features.

Table 3. Reliability and validity

Construct AVE CR Cronbacha ATT AIU CTX TCKP TPCK EDC PCI

ATT 763 941 921 .874

AlIU 763 988 .984 846 874

CTX 948 989 .986 812 837 974

TCKP 857 .960 .944 793 819  .843 926

TPCK 960  .990 .986 781 812 .865 .889 .980

EDC 989 997 .996 759 798 888 916 941 995

PCI 937 983 977 736 781 861 .897 918 942 968

This study adopts a standardized set of abbreviations to represent the key constructs in
the research model. ATT (Attitude) captures educators’ perceptions of Al integration in
teaching, while AIU (AI Utilization) reflects the extent of Al implementation in instructional
practice. CTX (Contextual Factors) encompasses external influences such as institutional
support and school environments. TCKP merges Technological Content Knowledge (TCK)
and Technological Pedagogical Knowledge (TPK), indicating teachers’ techno-pedagogical
fluency. TPCK denotes Technological Pedagogical Content Knowledge, emphasizing the
integrated application of content, pedagogy, and technology. EDC (Educational Challenges)
identifies structural and systemic barriers, and PCI (Parental and Community Involvement)
measures family and community engagement in supporting Al use in education. These
constructs are consistently referenced throughout the empirical analysis, structural model
interpretation, and theoretical discussion.
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Data collection

Data were collected over three months through an online survey administered to elementary
school mathematics teachers across the five administrative regions of Jakarta. This region was
selected as the study site because it serves as a national pilot area for the “Digitalisasi
Sekolah™ (School Digitalization) program and demonstrates high levels of ICT device
ownership and infrastructure availability. Utilizing a census-based purposive sampling
approach, the survey targeted the entire population of active mathematics teachers, distributed
officially through the Provincial Education Office. A total of 516 valid responses were
obtained, meeting the minimum sample requirement for estimating a second-order SEM
model (Hair & Alamer, 2022). The instrument, SMTTI, encompassed constructs such as
TPACK, perceived usefulness, perceived ease of use, and attitudes toward Al It was
culturally adapted through a forward-backward translation process and validated by a panel of
experts (CVI > 0.85; Cronbach’s a > 0.87). The survey implementation incorporated token-
based access, IP restrictions, and screening questions to ensure data integrity and prevent
duplication. Participation was voluntary, anonymous, and conducted following established
research ethics protocols. Preliminary data checks revealed no outliers, missing values, or
duplicate responses, confirming the dataset's adequacy for analysis using PLS-SEM with
SmartPLS 4.0.

Data analysis

Data analysis was conducted using second-order Structural Equation Modelling (SEM) with a
reflective—reflective structure and the repeated indicators method, following Hair and Alamer
(2022). Due to model complexity and non-normal data distribution, SmartPLS 4.0 was
employed as the primary tool, replacing AMOS, in line with Hair and Alamer (2022).
Diagnostic tests confirmed violations of normality and homoscedasticity, supporting the
appropriateness of the PLS-SEM approach. The analysis comprised two stages: measurement
and structural model assessment. All indicators showed strong factor loadings (> 0.70),
internal consistency (Cronbach’s a and CR > 0.70), and convergent validity (AVE > 0.50),
with no multicollinearity issues (VIF < 5). Discriminant validity was confirmed via the
Fornell-Larcker criterion.

The structural model demonstrated high explanatory power (R? = 0.781) and predictive
relevance (Q* = 0.744). Internal factors fully mediated the relationship between external
factors and Al utilization (B = 0.217, p < 0.001; VAF = 96.4%), while the direct effect was
non-significant. Effect size analysis indicated moderate (f* = 0.145) to strong (f* = 0.351)
effects. These results highlight the pivotal role of internal readiness, supported by systemic
external conditions, in successful Al integration. They also reinforce the theoretical and
practical validity of the E-TPACK framework in advancing digital mathematics education in
primary schools.
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Results

This study’s conceptual framework investigates the direct and mediated effects of external
factors on Al integration in elementary mathematics education, with internal factors serving
as a mediator. Using second-order SEM via SmartPLS 4.0, the model captures the interplay
between teacher readiness and systemic support. Internal Factors (IF) comprise Attitude,
TPACK, and the combined dimensions of TCK and TPK, while External Factors (EF) include
Contextual Factors (CTX), Educational Challenges (EDC), and Parental and Community
Involvement (PCI), reflecting the broader ecological and institutional influences on Al
adoption in classrooms.
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Fig 1. Second-order of SEM

The measurement model was evaluated to ensure construct validity and reliability for
Internal Factors (IF), External Factors (EF), and Al Utilization, including analyses of factor
loadings, internal consistency, convergent validity, and multicollinearity (Table 4).

Table 4. Measurement model assessment

Construct Indicators Indicators VIF Cronbach’sa rho A CR AVE
Internal Factors TPACK 0.957 2.750 0.885 0.885 0941 0.790
ATTITUDE 0.977 2.710
TCK TPK 0.976 2.890
Al Utilization Q14 0.976 2.280 0.952 0.952 0963 0.838
Q15 0.963 2.110
Qle6 0.906 2.079
Q17 0.904 2.069
QI8 0.941 3.946
External Factors PCI 0.952 2.950 0.902 0.907 0950 0.902
EC 0.950 2.870
CF 0.553 1.740

The measurement model shows strong internal consistency for AI Utilization and
Internal Factors, with indicator loadings above 0.90. One External Factor indicator (CF)
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yielded a lower, yet acceptable loading (0.553), suggesting the need for semantic refinement.
VIF values under 4 confirm no multicollinearity. Reliability is supported by Cronbach’s alpha
and CR > 0.88, and AVE > 0.70 confirms convergent validity. Discriminant validity, assessed
via the Fornell-Larcker criterion, is met, as AVE square roots exceed inter-construct
correlations (see Table 5).

Tabel 5. Discriminant validity

Konstruk Al Utilization External Factors Internal Factors
Al Utilization 0.970
External Factors 0.225 0.804
Internal Factors 0.793 0.275 0.846

The measurement model met the required standards for reliability and validity,
establishing a sound basis for structural analysis (Table 6). Path analysis revealed a strong
direct effect of internal factors, comprising teachers’ attitudes and TPACK competence, on Al
utilization (B = 0.791; T = 16.523; p < 0.001; £2 = 0.168). Although external factors did not
exert a significant direct influence (B = 0.008; p = 0.908), their indirect effect through internal
mediation was statistically significant (B = 0.217; T = 3.872; p < 0.001), confirming a full
mediating role. The robust link between external and internal factors (B = 0.275; T = 9.706)
highlights the critical role of systemic support in enhancing teacher capacity.

Table 6. Summary of structural path effects and effect sizes

Direct Indirect Total

Path Effect Effect  Effect Val;e p-value f2 Note
®  ®  ® .

External — Al 0008 0217 0225 3812 0000%* 0.17¢ | ull mediation
Utilization via IF
External — Internal 0.275 B 0275 9706  0.000%** 9706 Slgnlﬁcant direct
Factors (IF) impact
Internal Factors — sk Strongest direct
Al Utilization 0.791 - 0.791 16.523 0.000 0.168 offect

Path analysis revealed that internal factors, specifically teachers’ attitudes and TPACK
competence, exert a strong and statistically significant direct effect on Al utilization in
primary mathematics classrooms ( = 0.791; T = 16.523; p < 0.001; f> = 0.168). In contrast,
external factors showed no significant direct influence (B = 0.008; p = 0.908). However, their
indirect effect through internal factors was significant (B = 0.217; T = 3.872; p < 0.001),
confirming a full mediation effect. The notable link between external and internal factors (f =
0.275; T = 9.706) underscores the role of systemic support in enhancing teacher capacity.
These findings suggest that successful Al integration should prioritize strengthening teacher
readiness, supported by an enabling educational environment. Additional R? and Q? analyses
further validated the model’s explanatory and predictive strength (see Table 7).

Table 7. R? and Q? values for main constructs

Construct R? R? Interpretation Q? Q? Interpretation
Al Utilization 0.781 Strong 0.744  Highly Relevant (Large)
Internal Factors 0.275 Weak 0.183  Moderately Relevant (Medium)
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Table 7 shows that Al utilization has strong explanatory power (R? = 0.781) and high
predictive relevance (Q? = 0.744), indicating that internal and external factors jointly play a
significant role in teachers' Al adoption. In contrast, internal readiness alone has a lower
explanatory value (R? = 0.275), though its predictive relevance remains moderate (Q* =
0.183). This suggests that external factors alone cannot fully account for internal readiness,
highlighting the need for additional mediating variables. The findings affirm the central
mediating role of internal factors in linking systemic support to Al implementation: external
support is insufficient without teacher readiness, while individual capacity is most impactful
within a supportive ecosystem. Table 8 confirms the model's assumption of partial mediation.

Table 8. Summary of hypothesis testing results

Hypothesis Path Findings Interpretation
H, External Factors — Supported (B = 0.275, p < Educational policies,
Internal Factors 0.001) infrastructure, and community

support  significantly  enhance
teachers’ readiness.

H, Internal Factors — Supported (B = 0.791, p < Pedagogical readiness, TPACK
Al Utilization 0.001) mastery, and positive attitudes

predict effective Al adoption.

Hs External Factors — Indirect effect supported via External factors influence Al use
Al Utilization Internal Factors (B = 0.217, p only when mediated by internal
(indirect) < 0.001); direct effect not teacher capacity.

significant

This model reflects a fully mediated structure, where the impact of external factors on
Al adoption occurs entirely through teachers’ internal readiness. Aligned with the E-TPACK
and Technology Acceptance Model (TAM), this finding underscores that technology adoption
is shaped not only by perceived utility but by the interaction between individual preparedness
and systemic support. Model robustness was confirmed through sensitivity analysis (£10%
variation) and alternative model testing, with negligible effects on path coefficients, R?, and
Q?, indicating strong stability. The results reaffirm TAM’s emphasis on attitudes and
perceptions and highlight the importance of integrating technological, pedagogical, and
content knowledge as outlined in TPACK. Within the E-TPACK framework, the synergy
between internal readiness and external support is pivotal for effective Al integration.
Practically, the findings call for education policies that go beyond infrastructure provision,
focusing instead on strengthening pedagogical competencies, enhancing digital literacy, and
supporting community-based implementation. Prioritizing targeted Al training and curriculum
adaptation can foster a more holistic, adaptive, and sustainable digital transformation in
primary education.

Discussion

Table 8 summarizes the hypothesis testing results derived from the second-order structural
model analyzed using SmartPLS 4.0. The model integrates the TPACK framework (Mishra et
al., 2023), the Technology Acceptance Model (Davis & Grani¢, 2024), and the ecological E-
TPACK approach. Internal factors are modeled as a second-order reflective construct

921



Modeling the determinants of Al integration in primary mathematics education: A structural ...

comprising attitudes toward Al and TPACK competence, while external factors include
educational policy, digital infrastructure, and community support. Construct validity is
supported by satisfactory AVE, rtho A, and HTMT values. The model demonstrates good fit,
with an SRMR of 0.036, well below the 0.08 threshold. Harman’s single-factor test also
indicates no significant common method bias, as no single factor explained more than 50% of
the variance, confirming the model’s robustness.

The systemic impact of external factors on teachers’ internal readiness for Al
integration in primary mathematics education

The findings of the analysis demonstrate that external factors exert a statistically significant
and positive influence on internal factors (B = 0.275; T = 9.706; p < 0.001; > = 0.12; R? =
0.39), suggesting a moderate effect on teachers’ internal preparedness, characterized by
favorable attitudes toward artificial intelligence and proficiency in TPACK. This internal
readiness is not developed in isolation; rather, it is shaped by the presence of enabling
policies, reliable digital infrastructure, and the active engagement of parents and the wider
community. These results substantiate Bronfenbrenner’s ecological systems theory (Davis &
Grani¢, 2024), which asserts that human development is deeply embedded within and
influenced by multilayered socio-ecological systems. Within the context of Al integration in
education, external elements function both as structural enablers and as catalysts for
psychological preparedness. This aligns with insights from Flores-Vivar and Garcia-Pefialvo
(2023), who underscore the importance of institutional scaffolding in alleviating teacher
resistance to Al, and Yue et al. (2024), who emphasize that effective leadership and
community collaboration are vital to strengthening teachers’ readiness. Unlike theoretical
models that narrowly emphasize individual competencies (Mishra et al., 2023; Sun & Chen,
2023), the present study advances a more holistic perspective, positing that successful Al
adoption in primary education is fundamentally shaped by the synergistic interaction between
educational policy, technological capacity, and sociocultural conditions.

The influence of internal factors on AI utilization in primary mathematics
instruction

The structural model assessment revealed that internal determinants specifically teachers’
attitudes toward artificial intelligence and their TPACK competencies exerted a robust and
statistically significant influence on the integration of Al within primary mathematics
instruction (B = 0.791, T = 16.523, p < 0.001; 95% CI [0.692, 0.870]; f> = 0.56). Internal
readiness was found to explain 68% of the variance in Al utilization (R? = 0.68), signifying a
substantial level of predictive accuracy following the criteria outlined by Hair and Alamer
(2022). These findings empirically validate the core propositions of the Technology
Acceptance Model (Davis & Grani¢, 2024) while simultaneously highlighting the pivotal
function of TPACK in guiding the pedagogical and technological integration of Al tools
(Celik, 2023; Mishra et al., 2023). Thus, effective and sustainable implementation of Al in
educational settings is contingent not merely upon teachers’ positive dispositions but also
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upon their capacity to ethically and pedagogically embed AI into instruction that fosters
meaningful student learning.

These results align with studies by Yue et al. (2024) and Khong et al. (2023), which
identified teachers’ attitudes and TPACK competencies as key predictors of post-pandemic
readiness. However, unlike previous research that focused broadly on educational
technologies, this study specifically highlights the unique complexities of Al, including
automation, personalization, and ethical implications (Chen, 2020; Flores-Vivar & Garcia-
Pefialvo, 2023). As such, strengthening Al literacy and developing teachers’ TPACK should
be prioritized in digital education transformation. Teacher training must evolve beyond
technical instruction to encompass holistic and reflective approaches, including Al-based
simulations, adaptive learning scenarios, and digital ethics development. This aligns with the
Intelligent-TPACK framework (Celik, 2023), which emphasizes the integration of digital
competence with ethical considerations in classroom-based Al applications. Although internal
factors were found to be dominant, the findings also highlight the essential role of external
support. Without enabling policies, adequate infrastructure, and cross-sector collaboration,
teachers’ potential to harness Al effectively may be limited (Bronfenbrenner, 1986; Zhao,
2024). Therefore, sustainable Al integration in education requires a strong synergy between
teachers’ internal capacities and a robust system of external support.

Direct and indirect effects of external factors on Al utilization

The analysis revealed that the direct effect of external factors on teachers’ utilization of Al
was statistically insignificant (B = 0.008, T = 0.115, p = 0.908). However, there was a
significant indirect effect mediated by internal factors (3 = 0.217, T = 3.872, p < 0.001; 95%
CI[0.112, 0.326]), emphasizing the crucial role of teachers’ internal readiness in bridging the
influence of external environments. These findings reinforce (Bronfenbrenner, 1986)’s
ecological theory, which posits that environmental influences on individuals are mediated by
internal characteristics. In this context, TPACK competence, Al literacy, and self-efficacy
emerge as the primary mediators (Celik, 2023; Mishra et al., 2023). This implies that external
interventions, such as generic training, provision of devices, or policy implementation, will
likely be ineffective without a parallel reinforcement of teachers’ internal capacities.
Antonenko and Abramowitz (2023) further observed that misconceptions about Al can foster
resistance, even when infrastructural and policy support is present. From a practical
standpoint, capacity-building strategies must include Al-based TPACK development (Gagne
et al., 2021; Mishra et al., 2023), critical digital literacy (K. K. H. Ng et al., 2021; Walter,
2024), and enhancing self-efficacy and motivation within digital learning environments (Yue
et al., 2024). Context-sensitive and personalized approaches are considered more effective
than uniform institutional interventions (Ahmad et al., 2021; Pineda-Martinez et al., 2023).
Given the significant mediation path, teachers should not be viewed merely as policy
recipients but as reflective pedagogical agents who ethically and contextually adapt Al in the
classroom (El Hajj & Harb, 2023; Gadanidis, 2017). Consequently, Al integration policies
must be designed holistically, addressing the cognitive, affective, and conative dimensions of
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teacher development (Chen, 2020; Hwang & Tu, 2021). The divergence from prior studies
that emphasized external interventions (Guo & Wan, 2022; Khong et al., 2023) underscores
the need for a paradigm shift. Interventions should focus on empowering teachers' adaptive
capacities to navigate rapidly evolving digital ecosystems (Annu$ & Kmet’, 2024; Sutrisman
et al., 2024), including understanding the ethical and social implications of Al use (Bibri &
Allam, 2022; Flores-Vivar & Garcia-Pefialvo, 2023). In this regard, internal factors are not
merely supplementary but rather serve as the leverage point of Al adoption in education.
Meaningful digital transformation in the classroom can only be achieved by prioritizing
internal teacher capacity-building over external provisioning or regulation.

Implications of the study

The findings highlight that integrating Al into elementary mathematics education requires a
strategic synergy between external support and teachers’ internal capacities. In alignment with
the E-TPACK framework, external factors, such as supportive policies, equitable digital
infrastructure, and community involvement, serve as critical prerequisites. However, the
successful implementation of Al ultimately hinges on strengthening teachers’ internal
competencies, particularly Al-enhanced TPACK and ethical technology literacy. Professional
development programs should be modularly designed to include: (1) adaptation of the
mathematics curriculum using locally relevant Al tools such as GeoGebra Al or Scribe Al; (2)
ethical-pedagogical exploration through Al-assisted flipped microteaching; and (3)
collaborative reflection via digital lesson study. Furthermore, the development of peer
coaching systems within schools plays a vital role in fostering pedagogical autonomy and
teacher confidence.

Nevertheless, Al integration also poses critical challenges. Without reflective practice,
Al risks reducing teachers to mere technology operators. Dependence on proprietary
algorithms, the dominance of foreign vendors, and potential systemic biases threaten to erode
local values embedded within national curricula (Bibri & Allam, 2022). Therefore,
technology adoption should prioritize open-source accessibility, interoperability, and cultural
and linguistic relevance. On a global scale, these findings are particularly relevant to
developing countries in ASEAN and Africa, which face parallel challenges such as
infrastructure inequality, limited access to meaningful training, and the pressures of
technological globalization. A promising recommendation lies in the design of micro-Al-
integrated MOOCs, which offer just-in-time, teacher-centered learning experiences, paving
the way for adaptive, ethical, and equitable Al integration in education.

Limitations and future research

This study has limited generalizability as it focuses solely on elementary mathematics
teachers in urban Jakarta, an area that typically benefits from better access to digital
infrastructure, technology training, and professional learning communities. As such, the
findings do not capture the substantial disparities faced by rural schools, including limited
connectivity, low Al literacy, and institutional differences among public schools, Islamic
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madrasahs, and inclusive private institutions. Moreover, the cross-sectional design presents
epistemological limitations, as it provides only a snapshot in time and fails to track the
progression of teacher competencies post-training or their responses to ongoing curricular and
technological shifts in the post-pandemic landscape.

Another limitation lies in the study’s monodisciplinary focus on mathematics education.
The integration of Al in other disciplines, such as literacy, science, and inclusive education,
poses unique pedagogical and ethical challenges, particularly in terms of content adaptability,
the validity of Al-driven assessments, and students’ affective responses. Future research
should adopt experimental and longitudinal approaches, including the development of an Al
literacy framework tailored for elementary educators, structured trials of TPACK+Al-based
training programs, and critical analyses of algorithmic bias and its impact on marginalized
student populations. Normative discussions on the ethical use of Al in primary education are
also essential, particularly concerning child data privacy, student digital agency, and the
urgent need for protective state regulation. Additionally, the functional integration of MOOCs
and Al warrants investigation, especially regarding their potential to enhance personalized
learning, scaffolding, and adaptive feedback for teachers with limited digital literacy. In
summary, future research agendas must not only broaden empirical scope but also drive
systemic transformation toward an Al-integrated educational ecosystem that is inclusive,
ethical, and contextually grounded. Al-based educational research must move beyond passive
adaptation to technology and instead serve as a vehicle for educational justice in the digital
age.

Conclusion

This study concludes that the successful adoption of Artificial Intelligence (Al) in elementary
mathematics education depends on the synergistic interplay between teachers’ internal
readiness, particularly their attitudes and TPACK proficiency, and external systemic support.
The E-TPACK model, combining TPACK, TAM, and ecological systems theory,
demonstrated strong empirical validity and predictive relevance, explaining 78.1% of the
variance in Al utilization. Internal factors were the most decisive, while external factors
played a supporting role by enhancing internal capacities. Theoretically, this research refines
and contextualizes the TPACK framework through an ecological lens, offering a more holistic
approach to educational technology integration. Practically, it emphasizes the need for
targeted teacher training and inclusive digital policy frameworks. However, the study is
limited by its urban focus and the absence of cross-institutional analysis. Future research
should explore rural and underserved contexts while addressing digital equity, algorithmic
bias, and data privacy to ensure inclusive and ethical Al integration in primary education.

925



Modeling the determinants of Al integration in primary mathematics education: A structural ...

Acknowledgments

The authors gratefully acknowledge the Provincial Education Office of Jakarta for its
essential support in data access and survey distribution, which ensured the research's smooth
execution. Sincere thanks are also extended to the elementary mathematics teachers whose
time and insights enriched the study’s findings. Appreciation is further given to academic
colleagues and research collaborators for their valuable feedback and contributions that
strengthened the study’s quality and rigor.

Conflicts of Interest

The authors declare no conflict of interest regarding the publication of this manuscript. All
ethical considerations related to the research and publication process, such as plagiarism,
research misconduct, data fabrication or falsification, duplicate publication or submission, and
redundancy, have been thoroughly addressed and complied with.

Funding Statement
This work received no specific grant from any public, commercial, or not-for-profit funding
agency.

Author Contributions

Dwi Yulianto: Conceptualization, methodology, supervision, writing — original draft,
visualization, project administration; Rahmat Nurcahyo: Formal analysis, software, data
curation, writing — review & editing, validation; Yusup Junaedi: Resources, investigation,
writing — review & editing; Astari: Instrument development, software testing, and technical
support; Egi Adha Juniawan: Funding acquisition, ethical validation, and administrative
coordination.

References

Ahmad, S. F., Rahmat, M. K., Mubarik, M. S., Alam, M. M., & Hyder, S. I. (2021). Artificial
intelligence and its role in education. Sustainability, 13(22), 12902.
https://doi.org/10.3390/su132212902

Annu§, N., & Kmet’, T. (2024). Learn with me. Let us boost personalized learning in K-12
math education! Education Sciences, 14(7), 773-1003.
https://doi.org/10.3390/educsci14070773

Antonenko, P., & Abramowitz, B. (2023). In-service teachers’ (mis) conceptions of artificial
intelligence in K-12 science education. Journal of Research on Technology in
Education, 55(1), 64-78. https://doi.org/10.1080/15391523.2022.2119450

Azhar, N. A., Mohd Pozi, M. S., Mohamed Din, A., & Jatowt, A. (2022). An investigation of
Smote-based methods for imbalanced datasets with data complexity analysis. /EEE
Transactions on Knowledge and Data Engineering, 1-1.
https://doi.org/10.1109/TKDE.2022.3179381

926


https://doi.org/10.3390/su132212902
https://doi.org/10.3390/educsci14070773
https://doi.org/10.1080/15391523.2022.2119450
https://doi.org/10.1109/TKDE.2022.3179381

Dwi Yulianto, Egi Adha Juniawan, Yusup Junaedi, Astari, Rahmat Nurcahyo

Bibri, S. E., & Allam, Z. (2022). The Metaverse as a virtual form of data-driven smart cities:
the ethics of the hyper-connectivity, datafication, algorithmization, and platformization
of urban society. Computational Urban Science, 2(1), 22.
https://doi.org/10.1007/s43762-022-00050-1

Bronfenbrenner, U. (1986). Ecology of the family as a context for human development:
Research perspectives. Developmental Psychology, 22(6), 723-742.
https://doi.org/10.1037/0012-1649.22.6.723

Celik, I. (2023). Towards intelligent-TPACK: an empirical study on teachers’ professional
knowledge to ethically integrate artificial intelligence (Al)-based tools into education.
Computers in Human Behavior, 138, 107468.
https://doi.org/10.1016/j.chb.2022.107468

Chen, X. (2020). Fifty years of British Journal of educational technology: a topic modeling
based bibliometric perspective. British Journal of Educational Technology, 51(ue 3),
692-708. https://doi.org/10.1111/bjet.12907

Davis, F. D., & Grani¢, A. (2024). The technology acceptance model: 30 years of TAM (1st
ed.). Springer Cham. https://doi.org/10.1007/978-3-030-45274-2

El Hajj, M., & Harb, H. (2023). Rethinking education: an in-depth examination of modern
technologies and pedagogic recommendations. IJAFOR Journal of Education, 11(2), 97—
113. https://doi.org/10.22492/ije.11.2.05

Flores-Vivar, J. M., & Garcia-Penalvo, F. J. (2023). Reflections on the ethics, potential, and
challenges of artificial intelligence in the framework of quality education (SDG4.
Comunicar, 31(74), 37-47. https://doi.org/10.3916/C74-2023-03

Gadanidis, G. (2017). Attificial intelligence, computational thinking, and mathematics
education. The International Journal of Information and Learning Technology, 34(2),
133—139. https://doi.org/10.1108/1JILT-09-2016-0048

Gagne, J. C., Koppel, P. D., Kim, S. S., Park, H. K., & Rushton, S. (2021). Pedagogical
foundations of cybercivility in health professions education: a scoping review. BMC
Medical Education, 21(1). https://doi.org/10.1186/s12909-021-02507-z

Guo, C., & Wan, B. (2022). The digital divide in online learning in China during the COVID-
19 pandemic. Technology in Society, 71, 102122.
https://doi.org/10.1016/j.techsoc.2022.102122

Hair, J., & Alamer, A. (2022). Partial least squares structural equation modeling (PLS-SEM)
in second language and education research: guidelines using an applied example.
Research Methods in Applied Linguistics, 1(3), 100027.
https://doi.org/10.1016/j.rmal.2022.100027

Hwang, G. J., & Tu, Y. F. (2021). Roles and research trends of artificial intelligence in
mathematics education: a bibliometric mapping analysis and systematic review.
Mathematics, 9(6), 584. https://doi.org/10.3390/math9060584

Jia, J., Wu, G., & Qiu, W. (2022). pSuc-FFSEA: Predicting lysine succinylation sites in
proteins based on feature fusion and stacking ensemble algorithm. Frontiers in Cell and
Developmental Biology, 10. https://doi.org/10.3389/fcell.2022.894874

Khong, H., Celik, 1., Le, T. T. T, Lai, V. T. T., Nguyen, A., & Bui, H. (2023). Examining
teachers’ behavioural intention for online teaching after the COVID-19 pandemic: A
large-scale survey. Education and Information Technologies, 28(5), 5999-6026.
https://doi.org/10.1007/s10639-022-11417-6

Khosravi, H., Denny, P., Moore, S., & Stamper, J. (2023). Learnersourcing in the age of Al:
Student, educator, and machine partnerships for content creation. Computers and
Education: Artificial Intelligence, 5, 100151.
https://doi.org/10.1016/j.caeai.2023.100151

927


https://doi.org/10.1007/s43762-022-00050-1
https://doi.org/10.1037/0012-1649.22.6.723
https://doi.org/10.1016/j.chb.2022.107468
https://doi.org/10.1111/bjet.12907
https://doi.org/10.1007/978-3-030-45274-2
https://doi.org/10.22492/ije.11.2.05
https://doi.org/10.3916/C74-2023-03
https://doi.org/10.1108/IJILT-09-2016-0048
https://doi.org/10.1186/s12909-021-02507-z
https://doi.org/10.1016/j.techsoc.2022.102122
https://doi.org/10.1016/j.rmal.2022.100027
https://doi.org/10.3390/math9060584
https://doi.org/10.3389/fcell.2022.894874
https://doi.org/10.1007/s10639-022-11417-6
https://doi.org/10.1016/j.caeai.2023.100151

Modeling the determinants of Al integration in primary mathematics education: A structural ...

Li, L., Wu, X., Kong, M., Liu, J., & Zhang, J. (2024). Quantitatively interpreting residents'
happiness prediction by considering factor-factor interactions. /[EEE Transactions on
Computational Social Systems, 11(1), 1402-1414.
https://doi.org/10.1109/TCSS.2023.3246181

Ma, Y., Fairlie, R., Loyalka, P., & Rozelle, S. (2024). Isolating the “tech” from edtech:
experimental evidence on computer-assisted learning in China. Economic Development
and Cultural Change, 72(4), 1923—-1962. https://doi.org/10.1086/726064

Mishra, P., Warr, M., & Islam, R. (2023). TPACK in the age of ChatGPT and generative Al.
Journal of Digital Learning in Teacher Education, 39(4), 235-25I.
https://doi.org/10.1080/21532974.2023.2247480

Ng, K. K. H., Chen, C. H., Lee, C. K. M,, Jiao, J. R., & Yang, Z. X. (2021). A systematic
literature review on intelligent automation: Aligning concepts from theory, practice, and
future perspectives. Advanced Engineering Informatics, 47.
https://doi.org/10.1016/j.ae1.2021.101246

Ng, S. F., Dawie, D. D. S. A., Chong, W. W., Jamal, J. A. J. I, Rahman, S. N. A. A, &
Jamal, J. A. J. L. (2021). Pharmacy student experience, preference, and perceptions of
gaming and game-based learning. Currents in Pharmacy Teaching and Learning.
https://do1.org/10.1016/5.cptl.2021.01.019

Olmo-Muiioz, J., Gonzélez-Calero, J. A., Diago, P. D., Arnau, D., & Arevalillo-Herrdez, M.
(2023). Intelligent tutoring systems for word problem solving in COVID-19 days: could
they have been (part of) the solution? ZDM — Mathematics Education, 55(1), 35-48.
https://doi.org/10.1007/s11858-022-01396-w

Pineda-Martinez, M., Llanos-Ruiz, D., Puente-Torre, P., & Garcia-Delgado, M. A. (2023).
Impact of video games, gamification, and game-based learning on sustainability
education in higher education. Sustainability, 15(17), 13032.
https://doi.org/10.3390/sul51713032

Rahimi, F. B., & Kim, B. (2021). Learning through redesigning a game in the STEM
Classroom. Simulation and Gaming, 52(6), 753-774.
https://doi.org/10.1177/10468781211039260

Reuter, J., Dias, M. F., Sousa, M. J., Soobhany, A. R., & Hendi, A. (2022, 2022). Unlock
financial knowledge in managers through games Proceedings of the European
Conference on Games-based Learning,
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
85141142319&partnerID=40&md5=475852a6991b221db29248163131642

Sanabria-Navarro, J. R., Silveira-Pérez, Y., Pérez-Bravo, D. D., & De-Jesus-Cortina-Nuiiez,
M. (2023). Incidences of artificial intelligence in contemporary education. Comunicar,
31(77). https://doi.org/10.3916/C77-2023-08

Scherer, R., & Siddiq, F. (2019). The relation between students’ socioeconomic status and
ICT literacy: Findings from a meta-analysis. Computers & Education, 138, 13-32.
https://doi.org/10.1016/j.compedu.2019.04.011

Sun, W., & Chen, Q. (2023, 2023). The design, implementation, and evaluation of gamified
immersive Virtual Reality (VR) for learning: a review of empirical studies Proceedings
of the European Conference on Games-based Learning,
http://dx.doi.org/10.34190/ecgbl.17.1.1619

Sutrisman, H., Simanjuntak, R., Prihartanto, A., & Kusumo, B. (2024). The impact of using
Al in learning on the understanding of material by young students. International
Journal of Educational Research, 1(3), 24-32. https://doi.org/10.62951/ijer.v1i3.43

Tang, Y., Franzwa, C., Bielefeldt, T., Jahan, K., Saeedi-Hosseiny, M. S., Lamb, N., & Sun, S.
(2022). Sustain city: Effective serious game design in promoting science and

928


https://doi.org/10.1109/TCSS.2023.3246181
https://doi.org/10.1086/726064
https://doi.org/10.1080/21532974.2023.2247480
https://doi.org/10.1016/j.aei.2021.101246
https://doi.org/10.1016/j.cptl.2021.01.019
https://doi.org/10.1007/s11858-022-01396-w
https://doi.org/10.3390/su151713032
https://doi.org/10.1177/10468781211039260
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85141142319&partnerID=40&md5=47585aa6991b221db29f248163131642
https://www.scopus.com/inward/record.uri?eid=2-s2.0-85141142319&partnerID=40&md5=47585aa6991b221db29f248163131642
https://doi.org/10.3916/C77-2023-08
https://doi.org/10.1016/j.compedu.2019.04.011
http://dx.doi.org/10.34190/ecgbl.17.1.1619
https://doi.org/10.62951/ijer.v1i3.43

Dwi Yulianto, Egi Adha Juniawan, Yusup Junaedi, Astari, Rahmat Nurcahyo

engineering education. In Research Anthology on Game Design, Development, Usage,
and Social Impact (pp. 914-943). https://doi.org/10.4018/978-1-6684-7589-8.ch044

Tong, P., & An, I. S. (2024). Review of studies applying Bronfenbrenner's bioecological
theory in international and intercultural education research. Frontiers in Psychology, 14,
1233925. https://doi.org/10.3389/fpsyg.2023.1233925

Walter, Y. (2024). Embracing the future of artificial intelligence in the classroom: the
relevance of Al literacy, prompt engineering, and critical thinking in modern education.
International Journal of Educational Technology in Higher Education, 21(1), 15.
https://doi.org/10.1186/s41239-024-00448-3

Wei, L., Aun, N. S. M., Ibrahim, F., & Rajaratnam, S. (2024). Work overload and burnout
among Chinese social workers during and post-COVID-19: the impact of organizational
support and professional identity. Environment and Social Psychology, 9(9), 1-9.
https://doi.org/10.59429/esp.v919.2814

Ye, L., Ismail, H. H., & Aziz, A. A. (2024). Innovative strategies for TPACK development in
pre-service english teacher education in the 21st century: a systematic review. Forum
for Linguistic Studies, 6(6), 274-294. https://doi.org/10.30564/11s.v616.7308

Yue, M., Jong, M. S. Y., & Ng, D. T. K. (2024). Understanding K—12 teachers’ technological
pedagogical content knowledge readiness and attitudes toward artificial intelligence
education. Education and Information Technologies, 29(15), 19505-19536.
https://doi.org/10.1007/s10639-024-12621-2

Zhao, W. (2024). A study of the impact of the new digital divide on the ICT competences of
rural and urban secondary school teachers in China. Heliyon, 10(7), 29186.
https://doi.org/10.1016/j.heliyon.2024.e29186

929


https://doi.org/10.4018/978-1-6684-7589-8.ch044
https://doi.org/10.3389/fpsyg.2023.1233925
https://doi.org/10.1186/s41239-024-00448-3
https://doi.org/10.59429/esp.v9i9.2814
https://doi.org/10.30564/fls.v6i6.7308
https://doi.org/10.1007/s10639-024-12621-2
https://doi.org/10.1016/j.heliyon.2024.e29186

