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ABSTRACT

Introduction: prior research has predominantly focused on dissecting the Technology Acceptance Model
(TAM) to elucidate users’ behavioral intentions toward adopting technology. Building upon this foundational
scholarship, the present study advances the discourse by examining the cognitive ramifications associated
with technology adoption. In particular, this investigation seeks to elucidate the interplay between perceived
usefulness, perceived ease of use, and the actual utilization of augmented reality (AR) technologies, as they
pertain to the cultivation of computational thinking and critical thinking competencies.

Method: this research adopts a quantitative approach, with an associative design. A sample of 141 vocational
high school students from West Sumatera, Indonesia. The collected data were examined through Structural
Equation Modeling (SEM) and Importance-Performance Map Analysis (IPMA).

Results: statistical analyses indicated that both perceived ease of use and actual AR utilization significantly
enhanced students’ computational and critical thinking skills. While perceived usefulness significantly
influenced critical thinking, its effect on computational thinking was not statistically meaningful. IPMA
results further highlighted that AR’s ease of use performs strongly, whereas perceived usefulness remains an
area for improvement.

Conclusions: the theoretical extension of the TAM into the domain of cognitive outcomes, moving beyond its
traditional behavioral scope. They also establish a compelling platform for future scholarly inquiry and the
formulation of strategic, evidence-based approaches to optimizing AR integration particularly in fostering
higher-order thinking.

Keywords: Augmented Reality; Technology Acceptance Model; Computational Thinking Skills; Critical
Thinking Skills.

RESUMEN

Introduccion: investigaciones previas han analizado el Modelo de Aceptacion Tecnoldgica para entender la
adopcion de tecnologia. Este estudio amplia la discusion al explorar como la utilidad percibida, la facilidad
de uso y el uso real de la realidad aumentada influyen en el desarrollo del pensamiento computacional y
critico.

Método: estainvestigacionadoptaunenfoquecuantitativoconundisenoasociativo. Lamuestraestuvocompuesta
por 141 estudiantes de secundaria vocacional de Sumatra Occidental, Indonesia. Los datos recopilados fueron
analizados mediante Modelado de Ecuaciones Estructurales y Analisis de Mapa de Importancia-Desempeiio.
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Resultados: los analisis estadisticos indicaron que tanto la facilidad de uso percibida como la utilizacion real
de la realidad aumentada mejoraron significativamente las habilidades de pensamiento computacional y
critico de los estudiantes. Mientras que la utilidad percibida influyd de manera significativa en el pensamiento
critico, su efecto sobre el pensamiento computacional no resulté estadisticamente relevante. Los resultados
del IPMA destacaron ademas que la facilidad de uso de la AR presenta un buen desempefo, mientras que la
utilidad percibida sigue siendo un area de mejora.

Conclusiones: la extension teorica del Modelo de Aceptacion Tecnoldgica hacia el ambito de los resultados
cognitivos va mas alla de su enfoque conductual tradicional. Asimismo, establece una plataforma solida para
futuras investigaciones académicas y para la formulacion de enfoques estratégicos, basados en evidencia,
que optimicen la integracion de la realidad aumentada, especialmente en el fomento del pensamiento de
orden superior.

Palabras clave: Realidad Aumentada; Modelo de Aceptacion de la Tecnologia; Habilidades de Pensamiento
Computacional; Habilidades de Pensamiento Critico.

INTRODUCTION

Augmented reality (AR) has surged into the spotlight as a powerful educational tool in recent years. "%
This cutting-edge technology layers digital content seamlessly over the physical world, creating immersive,
interactive experiences.® Originally conceptualized in the 1990s, AR has undergone aremarkable transformation.
® Its mainstream breakthrough came with the global phenomenon Pokémon Go in 2016, which shifted public
perception and opened the door for AR’s expansion beyond gaming. Since then, it’s found growing relevance in
fields like education, healthcare, and engineering marking its evolution from novelty to necessity.

Globally, the integration of AR is increasingly asserting its prominence within the educational domain. Prior
research has documented a remarkable surge in its adoption over the past decade, with publication rates
escalating at an impressive annual pace of 21 %.©® Nevertheless, the mere incorporation of AR into classrooms
does not inherently translate into enhanced learning outcomes. To fully capitalize on its pedagogical potential,
critical evaluations must be undertaken in advance. Chief among these is the assessment of how students
embrace and operationalize the technology. This dimension of acceptance has long been illuminated within the
framework of the Technology Acceptance Model (TAM). The model posits that individuals’ perceptions of ease
of use and usefulness exert a pivotal influence on their readiness to adopt emerging technologies. Actual usage,
conversely, denotes the extent to which students embed and sustain AR within their learning practices.” When
students internalize and endorse AR, it signifies that they are both willing and adequately prepared to engage
with it in authentic learning environments. Regardless of how advanced a technological tool may be, if learners
cannot comfortably appropriate and adapt it, its educational value will inevitably diminish.®

Beyond mere acceptance, the practical implementation of AR in education has been closely associated with
advancing students’ cognitive development.® AR does more than just capture attention it actively promotes
the cultivation of advanced thinking skills. Research indicates that AR can enhance computational thinking
abilities, including breaking down complex problems, spotting patterns, and engaging in logical, algorithm-
based reasoning."®'"-12 Simultaneously, AR serves as a catalyst for critical thinking by prompting learners to
critically assess, interpret, and make well-informed decisions through dynamic, interactive visuals.*'4'> These
benefits have been documented across a wide range of educational settings, including elementary, middle, and
high schools, as well as university-level programs. Such findings are well-aligned with the foundational ideas
of Bloom’s Taxonomy and the constructivist model of education. Bloom’s framework suggests that strategically
using technology like AR can support the development of cognitive abilities at multiple levels, aiding in the
achievement of meaningful learning outcomes."® AR’s immersive and interactive visuals help learners retain
and comprehend material more effectively than abstract mental imagery alone. In parallel, the constructivist
perspective emphasizes the importance of rich, visually supported learning experiences.

Although numerous studies have been undertaken to explore the facts and phenomena surrounding the
implementation of AR in educational settings, research that interrogates the acceptance and actual use of AR
technology through the lens of the TAM theory while simultaneously incorporating students’ computational
and critical thinking skills into a unified investigation remains exceedingly rare, particularly within electronics
education. This line of inquiry is, in fact, profoundly important, given that the field of electronics is intricately
interwoven with the accelerating advances of digital technologies, and that these two cognitive competencies
i.e. computational thinking and critical thinking are indispensable for vocational students. Previous studies
have predominantly appraised AR’s overall effectiveness.”:'® However, they have seldom established a direct
nexus to students’ cognitive development. This shortfall generates a salient theoretical gap that necessitates
rigorous scholarly procedures to be systematically unveiled.
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Therefore, the objective of this study is to investigate the relationship between perceived usefulness,
perceived ease of use, and actual use of AR technology and their impact on the development of computational
thinking and critical thinking skills among vocational high school students specializing in electronics engineering.
The aims of this research align with the conceptual framework illustrated in figure 1.
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Figure 1. Research Framework

The conceptual framework underpinning this research posits eight direct hypotheses, which are formulated
as follows:
H1: perceived usefulness has a positive impact on actual system use.
H2: perceived usefulness has a positive impact on critical-thinking skills.
H3: perceived usefulness has a positive impact on computational thinking skills.
H4: actual system use has a positive impact on computational thinking skills.
H5: perceived ease of use has a positive impact on actual system use.
Hé6: perceived ease of use has a positive impact on computational thinking skills.
H7: perceived ease of use has a positive impact on critical thinking skills.
H8: actual system use has a positive impact on critical thinking skills.

METHOD
Research Design

This study adopts a quantitative approach with an associative design, selected to suit the primary aim of
the research. It focuses on identifying connections among variables and assessing the influence of perceived
usefulness, perceived ease of use, and actual system use on computational thinking and critical thinking. The
investigation also addresses assumptions or hypotheses outlined in the initial research structure.

Participants

The participants in this study consisted of 10th, 11th, and 12th-grade students enrolled in the Electronic
Engineering program at a vocational high school located in West Sumatra, Indonesia. A total of 141 students
took part in the research. The sample was selected through purposive sampling, as the AR content used in the
study was specifically designed to align with the students’ existing learning materials."” The implementation
of AR is carried out across multiple learning sessions. Once students have completed all phases i.e., reviewing
the provided learning materials, scanning markers to access 3D models and AR animations, and taking part in
an evaluation quiz, they are invited to complete a research survey reflecting on their experience. An example
of an AR-based learning scenario is shown in figure 2.

Figure 2. The Implementation of Augmented Reality in the Learning Process
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All participating students had previously completed multiple AR-based learning sessions. The student profile
details are summarized in table 1.

Table 1. Respondent Profile

Sample characteristics Frequency Percentage

Grade 10 62 44 %
11 44 31,%

12 35 248, %

Total 141 100 %

Gender Male 123 872, %

Female 18 128, %

Total 141 100 %

Age 15 - 16 years old 39 277, %

17 - 18 years old 80 567, %

19 - 20 years old 19 135, %

> 20 years old 3 21, %

Total 141 100 %

Measures

The measurement tools employed in this study were adapted from multiple prior studies. The construct
of perceived usefulness of AR was measured using items adapted from a study that examined online tools
for learning, which provided relevant measures for the educational context.? Perceived ease of use was
assessed through an instrument adapted from a study on the use of Al in learning.®" Actual use of AR was
measured using items adapted from a study that examined real usage of blended learning in higher education.
22 Meanwhile, computational thinking and critical thinking skills were assessed using instruments developed in
previous studies. 224

Each of the referenced instruments had previously undergone statistical testing for validity and reliability,
such as construct validity and reliability coefficients, in their original studies. Furthermore, these instruments
have been cited and adopted in subsequent research, which supports their acceptance and recognition as
appropriate and consistent measures for the present study. However, given that these tools were originally
developed through various international studies involving diverse populations, required translation into the
local language, and were designed around different types of technologies, an expert validation phase was first
undertaken.® This entailed a comprehensive linguistic and content review by subject-matter experts to ensure
that the adapted instruments were grammatically accurate, contextually relevant, and theoretically robust.
Following expert validation, a pilot study was conducted with 38 students who were not part of the primary
sample. The goal of this preliminary phase was to assess the practical usability of the revised instruments,
ensuring they were clear in language, culturally appropriate, and methodologically sound before deployment
in the main study.

The primary data for this research were collected through an online survey distributed via google forms. The
instrument used was a structured questionnaire employing a 5-point Likert scale, ranging from 5 (strongly agree)
to 1 (strongly disagree). The data collection process was carried out after students had completed a series of
AR-driven simulation tasks. During these activities, students were tasked with customizing, experimenting
with, and evaluating virtual electronic circuits, reinforcing key electronics principles as they engaged with the
AR environment.

Data Analysis

The collected data were examined using Structural Equation Modeling (SEM) with the aid of SmartPLS 3.
The analysis commenced with an evaluation of the outer model to confirm the reliability and validity of the
measurement instruments. An indicator is considered valid when its outer loading exceeds 0,7, indicating
that it effectively represents its corresponding latent construct. In addition to outer loadings, the Average
Variance Extracted (AVE) serves as a complementary validity metric.?® An AVE value above 0,5 implies that the
construct accounts for more than half of the variance observed in its indicators.?” Beyond assessing validity,
the analysis also incorporated a reliability check to determine the internal consistency of each construct.
Reliability captures the stability and coherence of respondents’ responses to identical indicators across time
or diverse groups. To assess this, Cronbach’s alpha and Composite Reliability (CR) were employed, with both
metrics expected to meet or surpass the recommended threshold of 0,7.?® Table 2 provides a comprehensive
summary of the validity and reliability evaluations conducted for each item within the research instrument.
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Table 2. Instrument Validity and Reliability

Variable Item IOutgr AVE el CR
oading alpha
Perceived Usefulness PU1 0,839 0,660 0,829 0,886
(PU) PU2 0,827
PU3 0,788
PU4 0,794
Perceived Ease PEU1 0,795 0,706 0,861 0,906
of Use (PEU) PEU2 0,880
PEU3 0,821
PEU4 0,863
Actual System Use ASU1 0,758 0,610 0,872 0,904
(ASU) ASU2 0,752
ASU3 0,785
ASU4 0,779
ASU5 0,801
ASU6 0,810
Computational COTSt 0,705 0,615 0,790 0,864
Thinking COTS2 0,798
COTS4 0,829
Critical Thinking CITS1 0,757 0,616 0,791 0,865
Skills (CITS) CITS2 0,744
CITS3 0,817
CITS4 0,817

As shown in table 2, all measurement items meet the required standards for validity. Each item reports an
outer loading above 0,7, while all AVE scores exceed the 0,5 threshold. Furthermore, the instrument exhibits
robust reliability, with both Cronbach’s alpha and composite reliability values for every construct surpassing
the recommended minimum of 0,7. These results affirm that the instrument is both precise and dependable,
making it well-equipped for the subsequent structural analysis.

Following the outer model assessment, the inner model evaluation was carried out to test the structural
relationships among the latent variables and to examine the proposed hypotheses. The decision to accept or
reject a hypothesis was based on two statistical criteria, i.e. the t-statistic, where values equal to or greater
than 1,96 indicate significance at the 95 % confidence level, and the p-value, where values less than or equal to
0,05 confirm significance.® To interpret the strength and direction of these relationships, the path coefficient
(B) was analyzed, with values ranging from -1 to +1, where positive values indicate direct effects and negative
values indicate inverse effects. Furthermore, an Importance-Performance Map Analysis (IPMA) was conducted
to identify the constructs that most strongly influence students’ computational and critical thinking skills,
while also providing practical recommendations on which aspects should be prioritized, maintained, or left
unchanged to optimize the effectiveness of augmented reality (AR) in enhancing cognitive development.

RESULTS
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Figure 3. T-statistic Result
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Hypothesis Result

A total of eight hypotheses within the structural model were statistically evaluated using SEM. This analysis
examined both the magnitude and direction of the relationships among the latent constructs outlined in the
research framework (figure 1). The full results of the inner model assessment including B values, t-statistics,
and p-values for each proposed relationship are detailed in figure 3, figure 4, and table 3.

Table 3. Direct Effect

Hypothesis B T-statistic  P-value Result

H1 ii;ﬁ‘;"l"sefstiﬁfﬂgess - 0,668 7,852 0,000  Supported
H2 Ef{;i;‘[efhﬁfﬁgggekfﬁf 0,350 2,724 0,007  Supported
i Eiﬁﬁhﬁ‘iﬂiif”#"ﬁiim; Skills L 0,401 Unsupported
i ég:rl:stjtsgtsi?nrglu'?ﬁi-r:king Skills L 0,03 Supported
H5 i‘é{ﬁ‘;‘l"sefsg"r;euiuse = 0,159 1,633 0,103  Unsupported
e gﬁ;ﬁﬁéﬁﬁ '(IBI:ilrJI;?n;Skills 0,335 2,600 0,010 Supported
Hy  Ferceved tase gfstﬁfs - 0,206 2,170 0,030  Supported
g Actual System Use -> 0,350 2,899 0,004  Supported

Critical Thinking Skills

Based on the bootstrapping analysis, several hypotheses were validated, while others were not. Hypothesis
1 was statistically confirmed, revealing a positive and significant relationship between perceived usefulness and
actual system use (B = 0,668, t-statistic = 7,852, and p-value = 0,000). Similarly, hypothesis 2 was supported,
showing a positive and significant association between perceived usefulness and critical thinking skills (8 = 0,350,
t-statistic = 2,724, and p-value = 0,007). However, hypothesis 3 was not supported. Although the relationship
between perceived usefulness and computational thinking skills was positive, it was not statistically significant
(8 = 0,110, t-statistic = 0,841, and p-value = 0,401). Moving forward, hypothesis 4 was validated, indicating a
positive and significant relationship between actual system use and computational thinking skills (8 = 0,292,
t-statistic = 2,105, and p-value = 0,036).

Hypothesis 5, which proposed a positive relationship between perceived ease of use and actual system use,
was not statistically significant (B8 = 0,159, t-statistic = 1,633, and p-value = 0,103). Hypothesis 6 was supported,
uncovering a positive and significant link between perceived ease of use and computational thinking skills (8
= 0,335, t-statistic = 2,600, and p-value = 0,010). Hypothesis 7 also gained support, showing a positive and
significant impact between perceived ease of use on critical thinking skills (B = 0,206, t-statistic = 2,170, and
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p-value = 0,030). Hypothesis 8 was confirmed, revealing a positive and significant relationship between actual
system use and critical thinking skills (B = 0,350, t-statistic = 2,899, and p-value = 0,004).

The analysis went beyond assessing direct relationships by also investigating potential indirect effects. This
approach aimed to uncover any mediating roles played by specific variables within the model. The results of
this extended analysis are summarized in table 4.

Table 4. Indirect Effect

Hypothesis B T-statistic  P-value Result
Perceived Usefulness ->
Actual System Use -> 0,234 2,768 0,006 Supported

Critical Thinking Skills

Perceived Usefulness ->

Actual System Use -> 0,195 2,056 0,040 Supported
Computational Thinking Skills

Perceived Ease of Use ->

Actual System Use -> 0,047 1,217 0,224 Unsupported
Computational Thinking Skills

Perceived Ease of Use ->

Actual System Use -> 0,056 1,314 0,189 Unsupported
Critical Thinking Skills

Based on the indirect effect analysis, two mediation pathways were found to be statistically significant, while
the remaining two did not achieve significance. First, the pathway connecting perceived usefulness to critical
thinking skills was mediated by actual system use. This pathway revealed a positive and significant indirect
effect (B = 0,234, t-statistic = 2,768, p-value = 0,006). Similarly, perceived usefulness exerted a positive and
significant indirect influence on computational thinking skills through actual system use (p = 0,195, t-statistic
= 2,056, p-value = 0,040). In contrast, the other two mediation pathways did not yield statistically significant
results. The pathway from perceived ease of use to computational thinking skills, with actual system use as a
mediator, showed an insignificant indirect effect (p = 0,047, t-statistic = 1,217, p-value = 0,224). Likewise, the
pathway from perceived ease of use to critical thinking skills also mediated by actual system use failed to reach
significance (p = 0,056, t-statistic = 1,314, p-value = 0,189).

Importance-Performance Map Analysis (IPMA)

The IPMAdelivers valuable insights by vividly illustrating how each variable influences the study, intertwining
its significance with its effectiveness relative to the primary outcome measures. In this research, the focal
constructs under scrutiny are computational thinking skills and critical thinking skills. This analysis illuminates
the factors with the greatest potential to drive meaningful impact and steers targeted efforts toward areas
most likely to enhance learning outcomes. The results of this analysis are depicted in figure 5 and figure 6.

Importance-Performance Map

90
:g Qé: Too much perfomance but non-important issue Q1: Management is fine .
75 :
70 . .
5 (3:1t does not matter and no perfomance (2: Animportant aspect that needs improvement
COTS 60
55
50
45
40
3
30
025 026 027 028 0.29 030 0.31 032 033 0,34 035 0,36
Total Effects

Boasu ® pPRU AU

Figure 5. IPMA of Computational Thinking Skills
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Figure 6. IPMA of Critical Thinking Skills

According to figure 5, the three principal TAM variables influence the first target construct, namely
computational thinking skills. Perceived ease of use (PEU) is positioned in Quadrant 1, signifying that it ranks
high in both importance and performance. Conversely, the other two variables i.e. perceived usefulness (PU)
and actual system use (ASU) reside in Quadrant 3, which denotes relatively lower levels of both importance
and performance.

Figure 6 illustrates the analysis of the second target construct, critical thinking skills. In this analysis,
the variable perceived usefulness (PU) appears in Quadrant 2. This placement reveals that although students
recognize the usefulness of AR as meaningful, its current performance lags behind expectations. In contrast,
actual system use (ASU) settles in Quadrant 3, indicating it holds limited importance and underdelivers in
performance, thereby not warranting immediate strategic intervention. Meanwhile, perceived ease of use
(PEU) resides in Quadrant 4, demonstrating strong performance but offering minimal influence in advancing
critical thinking skills.

DISCUSSION

The analysis revealed that perceived usefulness exerts a positive and significant influence on actual use
(H1). Previous studies have also corroborated this relationship across diverse contexts, including e-learning,
technology-supported learning environments, and health information systems.(%3'32 |n line with previous
findings, perceived usefulness was also shown to have a positive effect on critical thinking skills (H2). This result
echoes prior research, 3343 which found that the perceived usefulness of generative Al significantly contributes
to the enhancement of students’ critical thinking abilities. In contrast to previous findings, perceived usefulness
was not found to have a significant impact on computational thinking skills (H3). This outcome diverges from
earlier studies that reported a positive and significant relationship between the perceived usefulness of AR
technology and students’ thinking abilities.®*3 The divergence can be understood in light of the different
educational contexts and learner characteristics. Prior studies were mostly conducted with students at school
or general university students, who are in earlier stages of cognitive development and thus more likely to
show measurable gains in thinking abilities when supported by useful technology. By contrast, the present
research focuses on vocational students, who possess distinct learning orientations and practical skill emphases.
Vocational education tends to prioritize applied competencies and hands-on skills over abstract or higher-order
computational reasoning. Consequently, while vocational students may perceive AR technology as beneficial
for improving task efficiency or practical performance, such perceptions do not automatically translate into
enhanced computational thinking. Nevertheless, the results indicate that the actual use of AR significantly
enhances students’ computational thinking abilities (H4), in line with findings from previous studies.®%3 This
suggests that although perceived usefulness alone may not directly influence computational thinking among
vocational students, active engagement with AR through consistent and effective use in instruction provides the
necessary experiential learning to foster higher levels of computational reasoning.

The relationship between perceived ease of use and actual system use was positive yet statistically
insignificant (H5), diverging from the expectations typically posited by the TAM framework.“4) The lack of
empirical support for this hypothesis suggests that perceiving the AR system as easy to use does not substantially
incentivize students to engage with it consistently. In this scenario, ease of use fails to serve as a decisive catalyst
for actual usage. Even when AR is technically embedded within the classroom environment, students may still
exhibit hesitation or grapple with unfamiliarity in interacting with it. Subsequently, a statistically significant
link emerged between perceived ease of use and computational thinking skills (H6). This result resonates with
the findings of study,“>*) which underscore that when students regard a technology as intuitive, it dismantles
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barriers to effective learning. A positive and statistically significant association between perceived ease of use
and critical thinking skills was also substantiated (H7). This result aligns with study,®® which demonstrated that
the perceived ease of use of generative Al engendered a meaningful enhancement in students’ critical thinking
capacities. Similarly, in the current study, the user-friendliness of AR technology is linked to improvements
in students’ analytical abilities. Lastly, a positive and statistically significant relationship surfaced between
actual system use and critical thinking skills (H8). This outcome aligns with the tenets of experiential learning
and constructivist theory, both of which emphasize that immersive participation amplifies understanding.
By actively engaging with AR, students are encouraged to investigate, experiment, reflect, and interrogate
information critically.

The indirect effect analysis revealed that perceived usefulness significantly enhanced both critical
and computational thinking through actual system use, highlighting its central role in promoting cognitive
development. In contrast, perceived ease of use did not show significant indirect effects, suggesting that
ease alone may not directly drive meaningful AR engagement. Educational research consistently affirms that
perceived usefulness outweighs ease of use in predicting technology adoption.“*4 However, findings from
the IPMA analysis indicate that both perceived usefulness and ease of use are equally important and should be
prioritized in the development of AR for education. While perceived usefulness serves as the primary motivator
for sustained use, ease of use ensures accessibility and reduces barriers to adoption. Together, these two
factors form a complementary foundation for maximizing the educational impact of AR technology.

Practically, these findings highlight the need for educators and stakeholders to focus on developing AR
applications that are both pedagogically beneficial and intuitively usable. Students are more likely to use
AR meaningfully when they perceive clear learning benefits, and their cognitive skills improve most when AR
tools are used consistently. Therefore, schools should not only ensure technical accessibility and ease of use
but also design AR content that delivers clear educational value. Prioritizing both aspects can maximize AR’s
potential to foster their computational and critical thinking. This study has several limitations, including its
focus on vocational students in electronics engineering, the use of AR only in basic electronics instruction, and
a geographically limited sample from one province. Additionally, reliance on self-reported survey data may
introduce response bias. Future research should expand participant diversity across disciplines and regions and
adopt mixed methods such as observations, interviews, or qualitative studies to gain deeper, more reliable
insights into AR’s impact on cognitive development.

CONCLUSIONS

This study offers a strengthened perspective on how students’ acceptance and utilization of augmented reality
significantly contribute to the development of computational and critical thinking skills. Focusing on vocational
high school students in electronics engineering, the study deliberately bridges the technology acceptance
model theory with cognitive learning outcomes. Thus it addresses a critical gap in existing scholarship that
often limits TAM to predicting usage behavior rather than educational impact. This integration is not only
methodologically relevant but also pedagogically urgent, as it reflects the evolving demands of technology-
enhanced learning. The results demonstrate that perceived usefulness and perceived ease of use are not
merely peripheral attitudes but key enablers of sustained, meaningful engagement with AR. Furthermore,
actual system use emerges as a critical mediating construct that effectively translates user perceptions into
tangible cognitive development. These findings reinforce the theoretical extension of the TAM into the domain
of cognitive outcomes, moving beyond its traditional behavioral scope. They also establish a compelling
platform for future scholarly inquiry and the formulation of strategic, evidence-based approaches to optimizing
AR integration particularly in fostering higher-order thinking within vocational education settings.
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