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PAPER

Bridging the Industry 4.0 Skills Gap: An Immersive 
Augmented Reality Mobile Learning Approach 
for Vocational Education

ABSTRACT
Vocational high schools encounter substantial challenges in preparing graduates who can 
meet the demands of the 21st century. This study developed and assessed an innovative 
mobile learning model based on augmented reality (ARMOL) to enhance vocational students’ 
competencies, using both the ADDIE model for instructional design and the SEM-PLS method 
to evaluate effectiveness. The urgency of this research stems from the disparity between voca-
tional graduates’ skills and industry needs, coupled with augmented reality’s (AR) potential to 
offer a more immersive and interactive learning experience. By employing the ADDIE model, 
the research successfully created a valid, practical, and effective AR-based mobile learning 
model. This model enhances students’ cognitive, affective, and psychomotor competencies 
and fosters 21st-century skills such as critical thinking, creativity, collaboration, and commu-
nication. The SEM-PLS analysis revealed significant improvements in creativity and critical 
thinking, while effects on communication and collaboration were less pronounced. These 
findings suggest that while the ARMOL model effectively enhances certain competencies, 
further refinement is needed to fully address all 21st-century skills. This innovative learn-
ing model offers a promising solution for elevating the quality of vocational education and 
preparing graduates for global competition.
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1	 INTRODUCTION

The integration of technology into educational frameworks has become increas-
ingly crucial in enhancing the learning experience, particularly in vocational 
high schools. Augmented reality (AR) has emerged as a transformative tool that 
not only enriches the educational landscape but also aligns with the demands of 
the 21st century, which emphasizes critical thinking, creativity, collaboration, and 
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communication skills. Recent studies indicate that AR can significantly improve 
students’ engagement and understanding of complex concepts, thereby fostering 
essential competencies required in today’s workforce [1], [2]. For instance, highlight 
that AR-based learning enhances both theoretical knowledge and practical skills, 
suggesting that students exposed to AR technologies are better equipped to navi-
gate real-world challenges [1]. This aligns with the findings of, who emphasize the 
importance of blended learning environments in vocational education, which can 
be significantly enhanced through the application of AR technologies.

Moreover, the relevance of AR in vocational education is underscored by its abil-
ity to provide immersive learning experiences that cater to diverse learning styles. 
The use of AR facilitates a more interactive and engaging learning environment, 
which is particularly beneficial for vocational students who often require hands-on 
experience to master practical skills [3], [4]. For example, a research on music educa-
tion demonstrates how AR can assist pre-service teachers in developing their skills 
through interactive learning experiences [5]. This is echoed by the work of, who 
illustrate the potential of AR to innovate teaching methodologies in engineering edu-
cation, thereby enhancing student engagement and learning outcomes [6].

The primary research problem addressed in this study is the insufficient devel-
opment of critical competencies among vocational high school students, which are 
essential for their success in the modern workforce [7], [8]. Despite the increasing 
emphasis on these competencies, many educational institutions struggle to imple-
ment effective teaching strategies that foster critical thinking, creativity, collabora-
tion, and communication skills [9], [10]. The traditional educational approaches often 
fail to engage students meaningfully, leading to a gap between the skills acquired in 
school and those required in the workplace [11], [12]. This gap is particularly pro-
nounced in vocational education, where practical skills and real-world applications 
are paramount.

To address this issue, the study proposes the implementation of the augmented 
reality-based mobile learning (ARMOL) model, which leverages AR technology to 
create immersive and interactive learning experiences. By integrating AR into the cur-
riculum, the ARMOL model aims to enhance students’ engagement and motivation, 
thereby facilitating the development of critical competencies [13], [14]. In summary, 
the ARMOL model presents a promising solution to the challenges faced in vocational 
education by fostering an engaging learning environment that promotes the devel-
opment of critical competencies. By utilizing AR technology, the model aims to bridge 
the gap between theoretical knowledge and practical application, ultimately prepar-
ing students for the demands of the modern workforce [15], [16]. This innovative 
approach not only addresses the current educational shortcomings but also aligns 
with the broader goals of enhancing educational outcomes in vocational training.

The novelty of this research lies in its focus on the application of the ARMOL 
model within vocational high schools, an area that has received limited attention 
in the existing literature. By addressing this gap, the study aims to contribute to the 
growing body of knowledge on the integration of AR in education, particularly in 
vocational contexts. Furthermore, the research will explore the potential of AR to 
foster essential competencies that are increasingly demanded in the modern work-
force, thereby aligning educational practices with industry needs [17], [18].

The urgency of this research is underscored by the rapid technological 
advancements and the evolving demands of the job market. As the Fourth 
Industrial Revolution continues to reshape the landscape of work, it is imperative 
for educational institutions to equip students with the skills necessary to thrive in 
a technology-driven environment [19–21]. By investigating the effectiveness of the 
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ARMOL model, this study aims to provide valuable insights that can inform the 
development of innovative educational practices in vocational training, ultimately 
enhancing students’ preparedness for future challenges.

To further explore the implications of the ARMOL model in vocational education, 
this research formulates specific hypotheses aimed at assessing its impact on critical 
competencies essential for success in the modern workforce. These hypotheses will 
guide the investigation into how the application of the ARMOL model can enhance 
the skills necessary for students to navigate the challenges of a rapidly evolving job 
market. The following hypotheses are proposed:

1.	 Ha = The application of the ARMOL model has a significant effect on improving 
the critical thinking skills of vocational high school students

2.	 Ha = The application of the ARMOL model has a significant effect on improving 
the communication skills of vocational high school students

3.	 Ha = The application of the ARMOL model has a significant effect on improving 
the collaboration skills of vocational high school students

4.	 Ha = The application of the ARMOL model has a significant effect on improving 
the creativity skills of vocational high school students

2	 METHOD

2.1	 Research design and variable

This study employs a quantitative research approach, with an experimental design 
at its core. The experiment involves the application of the ARMOL model, with the 
aim of measuring its impact on the enhancement of 21st-century skills, often referred 
to as the 4C skills (critical thinking, creativity, communication, collaboration), among 
students at SMK SUDJ Vocational High School. During the learning process, obser-
vations were made using a questionnaire containing indicators of 4C skills mastery. 
Post-teaching, students were provided a questionnaire about the effectiveness of 
the applied learning model. The data obtained from these two sources were sub-
sequently analyzed using the SEM-PLS data analysis technique with the aid of the 
SmartPLS 4.0 application software.

In this structural equation modeling (SEM) method-based study, the independent 
variables are referred to as exogenous variables, while the dependent variables are 
termed endogenous variables. The relationship between these two types of vari-
ables is causal and consists of five latent variables and several manifest variables. 
The exogenous latent variable is the ARMOL model, while the endogenous latent 
variables are critical thinking, creativity, communication and collaboration.

The endogenous variables in this table include critical thinking (Y1), creativity 
(Y2), communication (Y3), and collaboration (Y4). Each of these variables has differ-
ent indicators. For example, indicators for critical thinking include students’ ability 
to identify problems, analyze information, identify assumptions, make rational deci-
sions, consider the consequences of various alternatives, and think logically and 
systematically. Indicators for other variables are also described in the same way.

In the context of research, exogenous variables are variables that are not influ-
enced by other variables in the model, but they can influence other variables in 
the model. In contrast, endogenous variables are variables that are affected by 
other variables in the model, and they can also affect other variables in the model. 
In this case, the ARMOL Model (X) is an exogenous variable that can affect the endog-
enous variables (critical thinking, creativity, communication, and collaboration).
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In this study, the population consists of students from SMK SUDJ, specifically focus-
ing on their mastery of the 4C skills (critical thinking, creativity, communication, and 
collaboration) through the ARMOL model. The total number of students at SMK SUDJ 
is 60, and for this research, the entire population is utilized as the sample. This satu-
rated sampling technique aims to minimize errors in the research results by ensuring 
that all participants are included, thereby enhancing the reliability of the findings [22].

2.2	 Data collection techniques

The data collection methods employed in this research include questionnaires, 
observations, documentation, and interviews. The questionnaire is designed to 
gather quantitative data from respondents through a set of written statements. This 
method aims to assess the improvement in the mastery of 4C skills and the effective-
ness of the ARMOL learning model. The questionnaire is structured into two parts: 
the first part is completed by the researcher to observe the 4C skills of students, while 
the second part is filled out by the students post-learning to evaluate the effectiveness 
of the ARMOL model. This approach is deemed effective and efficient as it allows 
simultaneous data collection from a large number of respondents. The observation 
technique used in this study is structured observation, where the researcher has 
prepared an observation checklist tailored to the research needs [23]. This method 
is employed to assess students’ mastery of 4C skills during Informatics lessons. 
Documentation will be conducted throughout all phases of the research, including 
initial stages, the learning process, interviews, and other significant activities.

The researcher employs structured interviews to collect qualitative data and 
insights. A systematic list of interview questions has been prepared in advance. 
The interviews will be conducted with the Informatics subject teacher to extract 
information regarding students’ mastery of 4C skills before and after the research. 
This aims to identify any differences and improvements in students’ 4C skills as a 
result of the implemented learning model. In summary, the combination of these 
data collection techniques allows for a comprehensive assessment of the impact of 
the ARMOL model on students’ mastery of 4C skills, ensuring both quantitative and 
qualitative insights are captured effectively.

2.3	 Validity and reliability testing

In this study, the validity of the instruments will be assessed using the SmartPLS 
4.0 software to determine whether the questionnaires are valid. A construct or vari-
able is considered valid if it yields a corrected item total correlation value greater 
than 0.3. The instruments will be piloted with respondents who are not part of the 
study population. The pilot test will involve 20 students. The learning situation and 
criteria for respondents during the instrument testing will be aligned with those 
in the actual study, specifically targeting students at SMK who are enrolled in 
Informatics courses using the ARMOL model.

The reliability of the instruments in this study will be evaluated using the 
Cronbach’s Alpha method, with a reliability coefficient considered acceptable at a 
minimum value of 0.7, ideally between 0.8 and 0.9. If all variables exhibit an alpha 
coefficient and composite reliability greater than 0.7, it indicates that the question-
naires used in this research are reliable, demonstrating a good level of consistency 
and accuracy. This testing will also be conducted using the SmartPLS 4.0 application.
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Fig. 1. Model struktural (Awal)

2.4	 Results of validity and reliability testing

The validity and reliability tests will be conducted at SMK SUDJ with a total of 
20 respondents. The learning activities will be conducted in accordance with the 
research plan, specifically in Informatics education utilizing the ARMOL model. 
The validity level can be measured by comparing the calculated r value with the 
table r value for degrees of freedom (df) = n−k at an alpha level greater than 0.5. 
If the calculated r value exceeds the table r value and is positive, the item or state-
ment is deemed valid. Additionally, the reliability test will utilize Cronbach Alpha, 
where an instrument is considered reliable if it has a reliability coefficient greater 
than 0.7. Another criterion to consider in this testing is the outer loading value of 
each indicator, which should exceed 0.6. The results of the validity and reliability 
tests will be presented in accompanying Figure 1 and Table 3.

2.5	 Outer model

Outer loading is a critical metric in structural equation modeling, particularly 
in the context of assessing the relationship between observed indicators and latent 
variables. The strength of this relationship is quantified by the outer loading value, 
where a higher value indicates a stronger correlation. Specifically, an outer load-
ing value greater than 0.7 is generally deemed acceptable, suggesting that approxi-
mately 50% of the variability in the indicator can be explained by the latent variable. 
Conversely, values below 0.4 are typically considered inadequate and should be 
excluded from further analysis to maintain the integrity of the model.

For the overall model development. By removing or revising indicators that 
do not meet the outer loading criteria, researchers can enhance the robustness of 
their models. This process not only improves the reliability of the measurements 
but also ensures that the constructs being studied are accurately represented. 
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The decision-making process regarding the retention or removal of indicators 
must be systematic and grounded in empirical evidence, as emphasized by [24], 
who advocate for a balanced approach that considers both statistical outcomes and 
theoretical relevance.

2.6	 Average variance extracted

According to [24], average variance extracted (AVE) is a metric that reflects the 
efficacy of a latent variable or construct in accounting for the variance of the related 
indicators. A higher AVE value suggests a superior ability of the latent variable to 
encapsulate information from its indicators. An AVE value exceeding 0.5 suggests 
that the latent variable has successfully integrated over 50% of the data from its 
indicators. Accordingly, an AVE value above 0.5 is deemed the minimally acceptable 
threshold in the analysis, signifying that the construct possesses adequate validity.

In the analysis presented, the AVE values for the latent variables ARMOL, CLB, 
CM, CTH, and CTV are all above the 0.5 threshold, with values of 0.529, 0.553, 0.536, 
0.512, and 0.527, respectively. This finding confirms that each latent variable has 
effectively absorbed a significant portion of the variance from its indicators, thereby 
affirming the convergent validity of the constructs in this study. The results align with 
the guidelines, which emphasize the importance of AVE in assessing measurement 
quality in research. Table 1 represents the results of construct reliability and validity.

Table 1. Table of construct reliability and validity results

Cronbach’s Alpha Composite Reliability (rho_a) Composite Reliability (rho_c) Average Variance Extracted (AVE) 

ARMOL- 0.902 0.911 0.918 0.529 

CLB- 0.811 0.847 0.859 0.553 

CM- 0.807 0.925 0.851 0.536 

CTH- 0.815 0.835 0.863 0.512 

CTV- 0.822 0.833 0.870 0.527 

The analysis of AVE and composite reliability indicates that the constructs in this 
study possess both adequate validity and high reliability. The AVE values exceed-
ing 0.5 affirm the constructs’ ability to effectively represent the information from 
their indicators, while the composite reliability values above 0.7 confirm the con-
sistency of the indicators in measuring their respective latent variables. These find-
ings collectively underscore the robustness of the measurement model, providing 
a strong basis for subsequent structural analysis and ensuring the reliability of the 
research outcomes.

2.7	 Validitas Diskriminan: Cross-loading and Fornel-Larcker

Discriminant validity is a crucial aspect in assessing the extent to which a con-
struct in a study can distinguish itself from other constructs. With good discriminant 
validity, we can ensure that each latent variable genuinely measures the intended 
construct and does not overlap with other constructs. In this research, three pri-
mary approaches were utilized to test discriminant validity: cross-loading, Fornell-
Larcker, and heterotrait-monotrait ratio (HTMT).
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Table 2. Discriminant validity-Fornell-Larcker criterion

ARMOL- CLB- CM- CTH- CTV-

ARMOL- 0.727

CLB- −0.169 0.743

CM- −0.074 0.009 0.732

CTH- −0.415 −0.060 −0.059 0.716

CTV- −0.410 0.213 0.100 0.219 0.726

The Fornell-Larcker method assesses discriminant validity by equating the square 
root of the AVE for every latent variable with the correlation amid latent variables. 
As per the data exhibited in Table 2, the square root of AVE for each latent variable 
is as follows: ARMOL (0.727), CLB (0.743), CM (0.732), CTH (0.716), and CTV (0.726). 
For instance, for ARMOL, the AVE square root value (0.727) surpasses ARMOL’s 
correlation values with other latent variables such as CLB (−0.169), CM (−0.074), CTH 
(−0.415), and CTV (−0.410). This suggests that ARMOL exhibits good discriminant 
validity, as it more effectively accounts for the variance of its indicators compared to 
other latent variables.

Based on the data presented in Figure 3, the results of the construct reliability and 
validity tests for the ARMOL model concerning the 4C competencies indicate strong 
reliability and validity across all measured constructs. The Cronbach’s alpha values 
for each construct are well above the acceptable threshold of 0.7, with ARMOL at 
0.902, CLB at 0.859, CM at 0.829, CTH at 0.815, and CTV at 0.822. These high values 
suggest that the constructs exhibit excellent internal consistency, meaning that the 
indicators within each construct are reliably measuring the same underlying concept.

Table 3. Results of the ARMOL model construct reliability and validity test

Cronbach’s Alpha Composite Reliability (rho_a) Composite Reliability (rho_c) Average Variance Extracted (AVE)

ARMOL- 0.902 0.911 0.918 0.529

CLB- 0.859 0.892 0.889 0.534

CM- 0.829 0.895 0.858 0.505

CTH- 0.815 0.835 0.862 0.512

CTV- 0.822 0.833 0.870 0.526

In conclusion, the results from the reliability and validity tests indicate that all 
indicators are valid and can proceed to further testing. The high Cronbach’s alpha 
and composite reliability values, along with acceptable AVE scores, demonstrate that 
the ARMOL model is a reliable and valid framework for assessing the 4C compe-
tencies. This solid foundation enhances the credibility of the research findings and 
supports the inference that the constructs measured are distinct and effectively rep-
resent the underlying theoretical concepts.

3	 RESULTS AND DISCUSSION

3.1	 Data exposure of ARMOL variables and 21st century skills variables

Moreover, the positive feedback regarding increased student motivation and 
responsibility towards assignments 92% of students felt more active and enthusiastic, 
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and 96% acknowledged a heightened sense of responsibility—suggesting that AR 
not only makes learning more interactive but also fosters a sense of ownership in 
the educational process. This is consistent with research indicating that AR can cre-
ate more engaging learning environments, thereby promoting active participation 
among students [1], [25], [26]. The motivational effects of AR have been documented 
across various educational contexts, reinforcing the notion that immersive technol-
ogies can significantly enhance student engagement.

These findings underscore the effectiveness of ARMOL in fostering essential 
collaboration skills among students, which are vital for their future success in both 
educational and professional contexts. The literature supports these observations, 
highlighting that AR can enhance collaborative learning experiences by promoting 
interaction, engagement, and shared responsibility among students [30]. As edu-
cational institutions increasingly adopt innovative teaching methodologies, the 
integration of AR technologies such as ARMOL can play a crucial role in develop-
ing communication and collaboration skills that are essential for the 21st-century 
workforce.

Outer model testing. The measurement model in research using partial least 
squares structural equation modeling (PLS-SEM) consists of two main components: 
the inner model and the outer model. The outer model focuses on the relationship 
between indicators (measurement variables) and constructs (latent variables). In 
this context, the analysis of convergent validity becomes crucial to assess how well 
these indicators represent the constructs being measured.

Convergent validity is a measure used to evaluate the extent to which the indi-
cators in the measurement model correlate with the latent construct they represent, 
as depicted in Figure 2. This validity is assessed through factor loading values, which 
indicate the strength of the relationship between the indicators and the construct. 
As stated by [24], the expected factor loading values should exceed 0.7 to be consid-
ered valid.

Fig. 2. Convergent validity
Sources: SMART PLS v.4.
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Therefore, it is important to evaluate the statistical significance of these outer load-
ing values; if the indicators are still significant, they may be considered for retention. 
Additionally, analyzing the impact of removing indicators on composite reliability 
and AVE is crucial. [24] Suggest that the removal of indicators should only be carried 
out if it can increase reliability or AVE above the recommended threshold of 0.5. 
Indicators with outer loading values between 0.40 and 0.70 need to be handled care-
fully, especially if they contribute significantly to the content validity of the measured 
construct. The presence of these indicators can provide a more comprehensive pic-
ture of the analyzed construct, so the decision to retain them should be based on a 
thorough evaluation of their contributions and impacts on the overall model.

Discriminant validity. Discriminant validity is used to ensure that each concept 
of the constructs or latent variables is distinct from other variables. At the indicator 
level, this validity can be assessed through cross-loading values, where the loading 
of an indicator for its intended construct must be greater than the loading values for 
other constructs.

The assessment of discriminant validity through cross-loading values highlights 
the need for adjustments in the model to ensure that each construct accurately 
reflects its intended concept and maintains distinctiveness from other variables.

3.2	 Inner model testing

Structural models, or inner models, involve several evaluation stages to under-
stand the relationships between constructs. This evaluation includes the assess-
ment of path coefficients, which indicate the strength of the relationship between 
constructs. The signs in the path coefficients must align with the proposed theory. 
The significance of path coefficients can be assessed through a t-test (critical ratio) 
derived from the bootstrapping method.

The R² value, which has the same interpretation as R in linear regression, indicates 
the extent to which the endogenous variable can be explained by the exogenous vari-
ables. In this context, the R² value is classified into three categories: a value of 0.67 is 
considered substantial, 0.33 is moderate, and 0.19 is weak. This assessment is vital for 
determining whether exogenous latent variables significantly influence endogenous 
latent variables, thereby providing insights into the relationships within the model.

Inner model evaluation can be conducted through three analyses: R², Q², and F². 
Each has different functions and interpretations. The Q² value is used to assess the 
relative influence of the structural model on the observed measurements for the 
dependent latent variables. If the Q² value is less than 0, it indicates a lack of pre-
dictive relevance. By conducting a proper evaluation of path coefficients, R² values, 
and other analyses, we can better understand the relationships among constructs 
in structural models. This is essential to ensure that the model developed can yield 
valid and reliable results.

3.3	 Bootstrapping

In partial least squares (PLS) analysis, the evaluation of relationships between 
variables is performed through simulations using the bootstrapping method 
applied to sample data. This approach aims to address potential issues related to 
the non-normality of research data. Bootstrapping involves repeatedly resam-
pling the observed data to create numerous simulated samples. This procedure 
enables researchers to calculate standard errors, confidence intervals, and perform 
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hypothesis testing across various statistical analyses. The results obtained from 
the bootstrapping method in Smart PLS analysis yield t-statistic values and p-values, 
which are crucial for assessing the significance of relationships among variables. 
Consequently, bootstrapping serves as an essential tool in PLS analysis, ensuring 
the validity and reliability of the research findings.

Fig. 3. Path coeficient

The path coefficient analysis illustrated in the accompanying Figure 3. The analysis 
reveals that the relationship between ARMOL and Collaboration exhibits a negative 
path coefficient of −0.170, with a t-statistic of 0.786 and a p-value of 0.432, indicat-
ing that this relationship is not statistically significant. Similarly, the relationship 
between ARMOL and communication shows a negative path coefficient of −0.077, 
accompanied by a t-statistic of 0.282 and a p-value of 0.778, further confirming the 
lack of statistical significance. In contrast, the relationships between ARMOL and 
both creativity and critical thinking are deemed statistically significant. Specifically, 
the influence of ARMOL on creativity is characterized by a path coefficient of −0.410, 
a t-statistic of 4.672, and a p-value of 0.000, indicating a strong negative relationship. 
Likewise, the path coefficient concerning the influence of ARMOL on critical thinking 
is −0.414, with a t-statistic of 3.603 and a p-value of 0.000, both of which signify a sig-
nificant negative relationship. The hypothesis testing result is represented in Table 4.

Table 4. The results of hypothesis testing

Hypotesis Variabel Eksogen to Endogen Path Coefisient T Statistics 
(|O/STDEV|) Descripttion

H1 ARMOL -> COLABORATION −0.170 0.786 Accepted

H2 ARMOL -> COMMUNICATION −0.077 0.282 Accepted

H3 ARMOL -> CREATIVITY −0.410 4.672 Accepted

H4 ARMOL -> CRITICAL THINGKING −0.414 3.603 Accepted
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Hypothesis H1, which tests the effect of ARMOL on collaboration, shows a 
path coefficient of −0.170 with a calculated t-value of 0.786. Although this calcu-
lated t-value is less than the critical t-value, this hypothesis should not be accepted 
because it does not meet the acceptance criteria. This indicates that there is no sig-
nificant relationship between ARMOL and collaboration, which contradicts previous 
findings suggesting that social interaction in the learning context can be influenced 
by various factors, including the technology used in learning.

Hypothesis H2, which tests the effect of ARMOL on communication, shows a path 
coefficient of −0.077 with a calculated t-value of 0.282. Similarly to H1, this calcu-
lated t-value is also less than the critical t-value, meaning this hypothesis should not 
be accepted. Hypotheses H3 and H4 show more significant results. H3, which tests 
the effect of ARMOL on creativity, has a path coefficient of −0.410 with a calculated 
t-value of 4.672, which is much greater than the critical t-value. This indicates a 
significant influence between ARMOL and creativity, consistent with research sug-
gesting that the use of AR technology in education can enhance students’ creative 
thinking skills. H4, which tests the effect of ARMOL on critical thinking, also demon-
strates significant results with a path coefficient of −0.414 and a calculated t-value of 
3.603. These findings support the literature indicating that technology-based learn-
ing can improve students’ critical thinking abilities.

Overall, the analysis results indicate that hypotheses H3 and H4 can be accepted, 
while H1 and H2 cannot. This suggests that, despite variations in the strength of 
influence, the use of ARMOL has a positive impact on creativity and critical think-
ing in the learning context. This research contributes significantly to understanding 
how technology can be utilized to enhance student learning outcomes and empha-
sizes the importance of technology integration in education.

4	 DISCUSSION

In the Results section, the research data obtained as well as the results of its 
processing. To clarify the data obtained from the research results so that they can 
be used as findings, then in this chapter the researcher will describe them in more 
detail and reflect them on the theories of previous research.

Research indicates that the implementation of the ARMOL model significantly 
boosts students’ mastery of 4C skills. By structuring learning activities around col-
laborative projects, students are required to think critically and communicate effec-
tively with peers and instructors. This multi-directional communication enhances 
their ability to articulate ideas and collaborate towards common goals, thus reinforc-
ing their creative capacities [27], [28]. The model’s emphasis on group work allows 
students to navigate group dynamics, share responsibilities, and collectively pro-
duce outcomes that reflect their learning. Furthermore, the integration of AR within 
the ARMOL model has been shown to further enhance these skills.

Critical thinking skills are essential competencies that must be explicitly taught 
to students, enabling them to effectively reason, solve problems, evaluate possibili-
ties, draw conclusions, and make informed decisions. These skills represent a higher 
order of thinking that can be cultivated through structured learning environments, 
such as those provided by the ARMOL model. This model is particularly effective 
as it establishes a procedural framework for addressing complex problems without 
predetermined solutions, thereby fostering critical thinking and problem-solving 
abilities among students Mutohhari et al. [22]. Research has shown that the ARMOL 
model significantly influences the enhancement of critical thinking skills, with an 
R² value indicating a moderate effect size [29].
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The ARMOL model has emerged as a significant pedagogical approach for 
enhancing creativity skills among vocational students. Creativity is increasingly rec-
ognized as a vital skill in today’s unpredictable environment, and it is a common 
misconception that only a select few possess this ability. As noted by Sudirta et al. 
Sudirta et al. [2], the ARMOL model facilitates this by requiring students to engage 
in project-based learning where they create products based on their investigations. 
This freedom allows students to explore their ideas without rigid constraints, foster-
ing an environment that encourages creative expression.

The ARMOL model exemplifies how student-oriented learning can effectively 
cultivate both communication and collaboration skills. Research utilizing the 
SmartPLS program indicates that the ARMOL model has a low influence on improv-
ing collaboration skills, with an R² value of 0.030. However, the ƒ² analysis shows a 
high effect size of 0.030, suggesting that while the direct effect may be limited, the 
model still significantly enhances collaboration skills among students.

5	 CONCLUSSION

The implementation of the ARMOL model has proven to be an effective peda-
gogical strategy in enhancing 21st-century competencies among vocational high 
school students. Specifically, the ARMOL model significantly boosts the development 
of critical thinking, creativity, communication, and collaboration skills, aligning well 
with the goals of the Merdeka curriculum. By leveraging project-based learning and 
AR technology, the model provides an immersive and interactive learning environ-
ment that promotes active student engagement.

The research findings highlight the ARMOL model’s strong influence on improv-
ing critical thinking and creativity skills. While the ARMOL model shows potential in 
enhancing communication and collaboration skills, its direct impact in these areas 
appears to be more modest. However, the inclusion of AR tools helps to mitigate 
these limitations by enhancing digital interaction and presentation capabilities, 
thereby indirectly supporting the development of these skills. Overall, the ARMOL 
model represents a promising approach for vocational education, preparing stu-
dents to meet the demands of the modern workforce by fostering essential skills in 
critical thinking, creativity, communication, and collaboration. Future implementa-
tions should continue to refine the model, particularly in enhancing communication 
and collaboration capabilities, ensuring that all aspects of 21st-century competen-
cies are fully addressed.
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